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FOREWORD 
The dissertation presented here is organized into five chapters. The first chapter 
is a review of the literature, and the next four chapters are presented as individual 
manuscripts. This format was selected so that the manuscripts are ready for publication 
in scientific journals. Therefore, introduction and conclusion sections are included 
separately in each manuscript. These manuscripts have not yet been submitted for 
publication. 
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ABSTRACT 
EVALUATION OF IN VITRO METHODS TO ESTIMATE DIGESTIBILITY OF 




University of New Hampshire, September, 2008 
Soybean meal, SoyPlus , dried distillers grains with solubles (DDGS), and fish 
meal samples were used in the evaluation of the modified three-step, the immobilized 
digestive enzyme assay (IDEA), the guanidination, and the furosine in vitro procedures 
to estimate intestinal digestibility of amino acids in rumen undegraded protein (RUP-
AA). Identifying an in vitro method to estimate RUP-AA digestibility will allow for 
routine analysis of feeds for this parameter, which can lead to more accurate formulation 
of dairy rations. To determine the adequacy of these procedures, in vivo RUP-AA 
digestibility estimates were obtained using the precision-fed cecectomized rooster assay. 
Rumen undegraded residues (RUR) were generated, and intact feeds and RUR were 
analyzed for AA and crop-intubated to cecectomized roosters. Results of the rooster 
experiments indicate that AA digestibility differs from RUP-AA for DDGS samples, and 
RUP-AA digestibility differs within samples. For the modified three-step procedure, 
digestibility of all AA in all feedstuffs was highly correlated to in vivo data. For the 
IDEA analysis, IDEA values of intact feeds were highly correlated to RUP-AA 
digestibility, which indicates that the ruminal incubation step can be eliminated with this 
xxii 
method. The guanidination and furosine methods can be used to predict lysine 
digestibility only, which is often a limiting AA in dairy rations. Blocked lysine was 
calculated from furosine concentrations, and the guanidination procedure was used to 
calculate reactive lysine. Blocked and reactive lysine estimates were highly correlated to 
in vivo lysine digestibility. Of these two methods, the guanidination procedure was a 
better approach for predicting lysine digestibility across feedstuffs. To increase the 
number and type of sample analyzed, 5 BM samples were later obtained. Blood meal 
was only analyzed via the rooster assay, the modified three-step procedure, and the 
guanidination method. Among the BM samples, digestibility of AA was similar to RUP-
AA. For the modified three-step procedure, the use of intact BM provided more accurate 
estimates of RUP-AA digestibility than the RUR. The guanidination method was not a 
good approach to predict lysine digestibility in BM. In conclusion, the modified three-
step procedure appears to be the best in vitro approach to estimate RUP-AA digestibility. 
xxm 
CHAPTER I 
REVIEW OF THE LITERATURE 
Introduction 
Lactating dairy cows require 10 essential amino acids (EAA) for protein synthesis 
and other metabolic functions in the body (NRC, 2001). The 10 EAA are: arginine, 
histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, 
and valine. Microbial protein synthesized in the rumen and rumen undegraded dietary 
protein (RUP) are available to meet the EAA requirements of cows. To maximize 
synthesis of microbial protein in the rumen, adequate intake of rumen degradable protein 
(RDP) is needed; therefore, ruminant animals have 2 sets of dietary protein requirements: 
RDP and RUP (NRC, 2001). 
Rumen degradable protein is composed of dietary true protein and non-protein N 
(NPN). Rumen undegraded protein is the dietary true protein that escapes or resists 
ruminal degradation and arrives at the small intestine intact. Together with endogenous 
protein (from mucoproteins, epithelial cells, etc.), microbial protein and RUP comprise 
metabolizable protein (MP), which is defined as the true protein that is digested post-
ruminally and the component AA absorbed in the small intestine (NRC, 2001). 
In the NRC (2001) model, the EAA composition of MP is calculated based on: 
the contributions of endogenous and microbial protein to MP, the digestibilities of 
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microbial and endogenous protein, the EAA composition of RUP, and the digestibility of 
RUP. The EAA composition of endogenous protein is assumed to be constant, and the 
amount of endogenous protein contributing to MP is estimated to be 1.9 x DMI. The 
EAA composition of microbial protein is also assumed to be constant, and the 
contribution of microbial protein to MP is calculated based on intake of total digestible 
nutrients (TDN) and RDP. The EAA composition of total dietary RUP is determined by 
the EAA composition of the feeds in the diet and the relative contribution of each feed to 
total RUP. Default RUP digestibility coefficients are provided in the feed library of NRC 
(2001) for all feedstuffs contained in the database. These RUP digestibility coefficients 
were obtained from summarizing 54 studies in which RUP digestibility of individual feed 
ingredients was measured. 
Although the NRC (2001) model, along with the other more advanced nutritional 
models (e.g., the Cornell Net Carbohydrate and Protein System, the French INRA 
system, and the Danish AAT/PBV system), recognizes that RUP digestibility varies 
among feedstuffs, models assume that the digestibility of each individual amino acid 
(AA) in RUP (RUP-AA) is the same as the digestibility of total RUP, primarily due to a 
lack of adequate data regarding RUP-AA digestibility. However, the poultry (NRC, 
1994) and swine (NRC, 1998) NRC models both recognize that digestibility of individual 
AA varies within a feed. Variations in digestibility of AA within the RUP fraction of 
feeds have been reported (Table 1). 
Nutritionists rely mainly on model default values for estimates of RUP 
digestibility due to a lack of a standardized and commercially accepted in vitro method 
for estimating RUP digestibility. However, there is quite a bit of variation in literature 
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reported RUP digestibility coefficients of feeds (Table 2). For example, the reported 
RUP digestibility coefficients of rapeseed meal vary from 31 to 95% with a standard 
deviation of 19.2 (Table 2), and the NRC (2001) default value for RUP digestibility of 
rapeseed meal is 70%. Therefore, MP supplies can be over- or underestimated if the 
default values are used. Analyzing RUP and RUP-AA digestibility of feeds on a routine 
basis would allow for more accurate ration formulation and better use of nutritional 
models. Simple, reliable, and inexpensive in vitro methods that can be used to routinely 
analyze feeds for these parameters need to be identified and validated in vivo (Stern et 
al., 1997). 
The identification and use of such in vitro techniques is especially important for 
feeds that have been heat processed. Heat processing of feeds can induce several 
reactions that can negatively impact protein and AA digestibility. This is especially 
important for current feed and livestock industries due to the increased feeding of dried 
ethanol by-product feeds, such as dried distillers' grains with solubles (DDGS), to 
livestock. Ruminant animals consume about 84% of the DDGS produced in the U.S. 
(Renewable Fuels Association; RFA, 2007), and ethanol production is projected to 
increase over the next 5 years (RFA, 2007), which will likely result in increased feeding 
of DDGS and other ethanol production by-products to livestock. The increased use and 
availability of such products further begs the need for routine analysis of feeds for 
digestibility of RUP and RUP-AA. 
The focus of this literature review is to discuss in vitro and in vivo methods that 
can be used to estimate protein and AA digestibility, to discuss differences in RUP and 
3 
RUP-AA digestibility values reported in the literature, and to discuss the effects of heat 
processing of feeds on protein and AA digestibility. 
Estimating Protein and Amino Acid Digestibility In Vivo 
Identifying in vitro procedures that can accurately predict intestinal digestibility 
of proteins and AA in feedstuff's is critical for measuring the inherent differences within 
and among feeds and for assessing damage to heat processed feeds. However, in order to 
evaluate the accuracy and validity of in vitro techniques, accurate in vivo estimates of 
intestinal protein and AA digestibility are required. The methods used to obtain these 
estimates vary among and within animal species, but most commonly, in vivo estimates 
of protein and AA digestibility are obtained by measuring intestinal disappearance of CP 
and individual AA. It is also recognized that endogenous protein contributes 
significantly to AA flow to the small intestine, and some endogenous AA are not 
reabsorbed. Therefore, in addition to the in vivo procedures that are used to estimate 
intestinal protein and AA digestibility, methods for estimating endogenous protein and 
AA losses in non-ruminant and ruminant animals are also reviewed. 
Terminology 
As the methods that are used to estimate intestinal digestibility of CP and AA 
continue to change and be refined, a universal terminology across species will be useful. 
Recently, a committee was assembled to define the terminology that will be used to 
report AA digestibility and availability in swine nutrition (Stein et al., 2007). In their 
review, the authors provide several definitions regarding digestibility and bioavailability 
measurements. These terms are defined as they relate to AA nutrition: 
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Bioavailability - proportion of ingested dietary AA that is absorbed in a chemical 
form that renders these AA potentially suitable for metabolism or protein 
synthesis. 
Digestibility - reflects enzymatic hydrolysis and microbial fermentation of 
ingested proteins and peptides and absorption of AA and peptides from the 
gastrointestinal lumen. 
Apparent ileal digestibility (AID) - net disappearance of ingested dietary AA 
from the digestive tract proximal to the distal ileum. Apparent digestibility is 
calculated according to the following equation: 
AID, % = [(AA intake - Ileal AA outflow)/AA intake] x 100. 
Ileal endogenous AA losses - AA present in endogenously synthesized protein 
secreted into the intestinal lumen that have not been digested and reabsorbed 
before reaching the distal ileum. 
Basal endogenous losses - the minimum quantities of AA inevitably lost by the 
animal. 
Specific endogenous losses - those losses above the basal losses that are induced 
by specific feed ingredient characteristics such as contents and types of fiber and 
antinutritional factors. 
True ileal digestibility (TID) - proportion of dietary AA that disappears from the 
digestive tract proximal to the distal ileum. True digestibility is calculated 
according to the following equation: 
TID, % = {[AA intake - (ileal outflow - total ileal endogenous AA 
losses)]/AA intake} x 100. 
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Standardized ileal digestibility (SID) - calculated by subtracting only basal ileal 
endogenous AA losses from the ileal outflow of A A. 
SID, % = {[AA intake - (ileal AA outflow - basal endogenous AA 
losses)]/AAintake} x 100. 
The committee that defined these terms also discussed the application of these 
items and the methods used to obtain these values (Stein et al., 2007). Traditionally 
bioavailability measurements have been determined using the slope-ratio assay. The 
technique uses the ratio of the regression lines of growth responses to graded levels of 
AA supplied by a test ingredient and a reference protein source. The ratio of the slope of 
the line for the test feed ingredient versus growth and the reference protein versus growth 
represents the relative bioavailability of the AA. However, this is a tedious and costly 
approach because the bioavailability of only 1 particular AA can be made during each 
experiment. In vivo AA digestibility measurements are much easier as digestibility of all 
AA in a test ingredient can be determined in one experiment; therefore, AA digestibility 
measurements are commonly used to estimate AA bioavailability (Stein et al., 2007). 
The committee also provided several recommendations when obtaining in vivo 
digestibility measurements, as a standardization of the techniques used to obtain in vivo 
AA digestibility estimates is beneficial. The committee indicated that ileal digestibility 
measurements are preferred to total tract digestibility measurements because ileal 
digestibility estimates are more accurate estimates of AA bioavailability. The committee 
also recommended that standardized ileal digestibility values be reported and used to 
formulate pig diets, at least until more information becomes available about ingredient-
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specific effects on endogenous gut AA losses. The methods that can be used to estimate 
basal endogenous gut AA losses are discussed below. 
Estimating Basal Endogenous AA Losses 
Endogenous AA arriving at the small intestine come from various sources 
including mucoproteins in saliva, epithelial cells from the respiratory and digestive tracts, 
serum albumin, digestive enzymes, and ingested hair (NRC, 2001; Stein et al., 2007). 
Some of the endogenous proteins will be digested and the AA reabsorbed in the small 
intestine, but some AA will not be reabsorbed. The endogenous AA that are not 
reabsorbed represent endogenous AA losses and need to be accounted for when 
estimating intestinal AA digestibility of feedstuffs. The methods that have been used to 
estimate basal endogenous AA losses include: feeding a protein free diet, feeding a 
highly digestible purified diet, the fasting method, and the regression technique (Parsons, 
1985; Stein et al., 2007). There are benefits and limitations to each method, so the best 
method for estimating endogenous AA losses is still debated (Jansman et al., 2002; Stein 
et al., 2007). The purpose of this review is to examine the different techniques that are 
used for different species. 
Swine. Jansman et al. (2002) evaluated literature reported data regarding basal 
endogenous AA losses in swine using five different techniques: feeding a N-free diet, 
feeding highly digestible protein sources, the regression technique, feeding enzymatically 
hydrolyzed casein, and feeding a N-free diet with intravenous infusion of AA. The 
authors reported relatively good agreement between the methods, except for the 
enzymatically hydrolyzed casein method. The average basal ileal endogenous CP losses 
determined using the enzymatically hydrolyzed casein method was 17.2 g/kg of DMI 
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while the average basal endogenous losses ranged from 10.5 to 12.7 g/kg of DMI for the 
other 4 techniques. Techniques that involve feeding highly digestible protein sources, 
including enzymatically hydrolyzed casein, are based on the assumption that 100% of the 
AA in these proteins are absorbed, an assumption that might not always be correct. 
However, the presence of protein and AA in the diet may have an affect on enzyme 
secretion into the intestine which would influence endogenous AA loss (Jansman et al., 
2002). Feeding animals a N-free diet to estimate endogenous AA losses ignores the 
effect that dietary protein has on endogenous secretions. This raises an important 
question: is the effect of dietary protein on endogenous AA losses a specific or basal 
loss? Diets fed to animals normally contain protein; therefore, it can be argued that 
animals eating a N-free diet are not in a normal physiological state. This is an important 
question as basal endogenous losses are reported using both N-free diets and highly 
digestible protein sources (Jansman et al., 2002; Stein et al., 2007). If the presence of 
protein in the small intestine affects enzymatic secretions into the gastrointestinal tract, 
basal endogenous losses will likely differ using these 2 methods. 
Another technique evaluated by Jansman et al. (2002) was the regression 
technique. With this approach, diets with graded levels of CP and AA are fed to animals 
and apparent ileal digestibility of CP and AA are determined. The relationship between 
dietary CP and AA concentration and apparent ileal digestibility is determined via 
regression analysis. The point where the regression line intersects the Y-axis represents 
endogenous CP and AA losses. Therefore, the technique indirectly accounts for the 
effect of dietary protein on endogenous CP and AA losses. This technique is more time 
consuming and expensive than feeding a N-free diet or enzymatically hydrolyzed casein 
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because several diets need to be fed in succession, and apparent digestibility needs to be 
measured for each diet. 
Of the techniques described for estimating basal endogenous CP and AA losses in 
swine, none appear to be perfect. Therefore, it may be beneficial to define and adopt a 
single standardized method for estimating basal endogenous AA losses and reporting 
ileal digestibility coefficients. This would at least decrease the variation in reported basal 
endogenous AA and CP losses and should lead to more accurate assessments of the 
digestibility differences of feeds and diets reported across experiments. However, more 
research and a more thorough analysis of basal endogenous AA and CP losses reported in 
the literature using the different methods are needed. Defining a standardized method to 
estimate basal endogenous CP and AA losses across species may prove to be more 
difficult. In poultry and ruminants, additional techniques are used to estimate 
endogenous CP and AA losses. These techniques are discussed below. 
Poultry. The fasting method is commonly used when estimating endogenous AA 
losses in adult cecectomized birds. With this method, birds are fasted prior to and 
throughout the digestibility trial. The birds have access to water, but no food. The 
excreta from the fasted birds are collected and analyzed for AA. Because the birds are 
not fed, excreted AA are of endogenous origin. The fasting method has been used in 
several experiments (Aldrich et al., 1997; Martinez Amezcua and Parsons, 2007; 
Schasteen et al., 2007) and is easy and cost-effective. Endogenous AA loss values 
obtained using the fasting method in cecectomized birds are also published as reference 
values (NRC, 1994). However, the method has been criticized because the endogenous 
AA losses are not obtained from birds in a normal physiological state (Garcia et al., 
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2007). Conversely, feeding a N-free or enyzmatically hydrolyzed casein diet to poultry 
might provide more accurate estimates of endogenous AA losses, as the fed-state 
represents a normal physiological condition for animals (Garcia et al., 2007). Use of 
these methods will be more expensive and time-consuming, but if basal endogenous AA 
loss values determined using these methods are more accurate, the extra time and expense 
may be warranted. Again, a standardized method within poultry species to estimate basal 
endogenous AA losses across experiments may be beneficial and will allow for a more 
accurate assessment of differences in standardized AA digestibility estimates reported 
across experiments and across feedstuffs. More research and discussion will be needed to 
identify which technique will be the most appropriate to use. 
Ruminants. Estimating endogenous protein and AA losses in ruminant animals is 
more difficult than obtaining these estimates in poultry and swine due to ruminal N 
recycling, degradation of endogenous protein by ruminal microorganisms, and difficulty 
in maintaining ruminant animals fitted with ileal cannulas (Harmon and Richards, 1997). 
Because of the microbial population in the rumen and the recycling of urea N into the 
rumen, the N free diet or enzymatically hydrolyzed casein techniques are not useful in 
estimating endogenous losses in ruminants. Even if a N-free diet is fed, N will be 
recycled into the rumen from body protein turnover which will be utilized by rumen 
microbes for protein synthesis. If enzymatically hydrolyzed casein is fed to a ruminant 
animal, the rumen microbes will degrade casein to synthesize microbial protein. 
Therefore, microbial protein and endogenous protein will contribute to ileal protein and 
AA outflow even if a N-free diet or highly digestible protein source is fed. Microbial 
protein and endogenous protein can be distinguished from each other via the use of 
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isotopic labels, but N from endogenous sources can be recycled back to the rumen and 
incorporated into microbial protein, and AA-N from microbial protein is digested, 
absorbed and used in body protein synthesis. Therefore, even if microbial protein is 
distinguished from endogenous protein via the use of isotoptic labels, the incorporation of 
microbial AA into endogenous protein and vice versa will need to be corrected for to 
obtain accurate endogenous CP losses. In addition, the fasting method is not practical for 
use in ruminant animals as several days would be needed to completely void the digestive 
tract of digesta even before the animals were fasted to collect endogenous excreta. The 
regression technique is also difficult for use in ruminants because microbial protein 
would need to be distinguished from RUP to calculate apparent digestibility of RUP, and 
again maintaining ruminant animals with ileal cannulas is difficult. Therefore, far fewer 
attempts at estimating endogenous protein losses have been reported for ruminant species 
compared to poultry and swine. 
As mentioned above, in order to estimate endogenous N losses in ruminant 
animals, an isotoptic label is needed to distinguish microbial from endogenous protein. 
Ouellet et al. (2002) infused 15N-labelled A A intravenously into lactating cows for 
several days which resulted in the labeling of proteins throughout the body. However, 
due to the complexity of the digestive system of ruminants, 15N was also found in 
microbial protein that was formed from endogenous N sources, and also from urea-N that 
was produced in the body from the labeled AA that were recycled back to the digestive 
tract. Therefore, the authors constructed a complex mathematical model to separate 
endogenous N secretions into pre- and post-duodenal origins, and distinguish urea-N 
secretions into the rumen from endogenous origin. They reported that endogenous CP 
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loss in ruminant animals is about 15% of total endogenous CP secretions. At the 
moment, this method appears to be the best approach to account for endogenous N losses 
in ruminants. However, because of the complexity of this procedure, endogenous N 
losses in ruminants are scarcely measured or accounted for when calculating RUP 
digestibility values. Also, with this method, only endogenous N loss can be estimated 
and not endogenous AA loss, as these cannot be distinguished. 
Summary. To obtain more accurate estimates of intestinal AA digestibility, 
endogenous AA losses need to be considered. The most appropriate method for 
estimating basal endogenous AA losses is species dependent. With the current methods 
available, it will continue to be difficult to obtain accurate endogenous CP and AA losses 
in ruminants. In poultry and swine, it may be useful to define a single method for 
estimating endogenous AA losses so that all reports of basal endogenous AA losses and 
standardized AA digestibility will represent the same measurements. More research is 
warranted to determine the best methods to use. 
In Vivo Digestibility Measurements 
Researchers also employ several different techniques for measuring feed protein 
AA digestibility in vivo. The commonly used methods to obtain these estimates in 
poultry, swine, and cattle are reviewed. An emphasis is placed on digestibility 
measurements made in ruminants as RUP and RUP-AA digestibility measurements are 
the focus of this review. 
Poultry. The two primary methods for estimating intestinal AA digestibility of 
feeds in poultry is the precision-fed rooster assay (Parsons, 1985) and the standardized 
chick ileal digestibility assay (Garcia et al., 2007). In the precision-fed rooster assay 
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(Parsons, 1985), adult birds are cecectomized, which removes the majority of the 
fermentative capacity in the large intestine. The birds are usually allowed about 3 
months to recover from surgery. Generally, five birds per sample are allotted for each 
feed, and one of these birds is fasted throughout the experiment to estimate basal 
endogenous AA losses. For the digestibility studies, birds are fasted for 48 h, and then 
crop-intubated with 30-35 g of the desired feed. For the following 48 h, total excreta is 
collected, lyophilized, and analyzed for AA content. Standardized digestibility is 
calculated based on disappearance of AA in the intestine and the amount of basal 
endogenous AA losses estimated from the fasted birds. 
In younger birds, AA digestibility estimates are generally determined using the 
standardized chick ileal digestibility assay. With this assay (Garcia et al., 2007), chicks 
are assigned to the experimental diet and receive the diet ad libitum for the duration of 
the study. Some chicks are fed enzymatically hydrolyzed casein during the experiment to 
estimate basal endogenous AA losses. At the end of the experimental feeding period, the 
chicks are euthanized and the contents of the ileum are collected. The AA content of the 
feed and ileal digesta is determined. An indigestible marker (i.e., acid insoluble ash, 
Cr203) is utilized to calculate apparent digestibility of the feeds. Apparent ileal 
digestibility is transformed to standardized digestibility by correcting for basal 
endogenous losses. 
Both the precision-fed rooster assay and standardized chick ileal digestibility 
assay have advantages and disadvantages. However, the use of the standardized chick 
ileal digestibility technique may be more appropriate for the broiler industry as it is well 
documented that age affects intestinal digestibility of AA (Batal and Parsons, 2002; 
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Huang et al., 2005; Garcia et al., 2007). Therefore, the use of a mature bird may provide 
inaccurate digestibility estimates when the same feeds are fed to growing chicks. 
Another advantage of the chick ileal digestibility technique is that the feeds are fed ad 
libitum which represents a normal feeding pattern. In the precision-fed rooster assay, the 
feeds are crop-intubated in one dose which does not represent typical feeding behavior 
(Garcia et al., 2007). However, the precision-fed rooster assay is less expensive and less 
labor intensive (Garcia et al., 2007). It also allows for the evaluation of the digestibility 
of iifte Mi that my be unfeir t t to tie ctiii win fed alone, and therefore; not 
consumed when provided ad libitum. 
Swine. The methods used to estimate AA digestibility in swine differ from those 
used in poultry. Conventionally, intestinal AA digestibility in swine is estimated using 
the ileal cannulation technique (Stein et al., 2007). For this procedure, animals are 
surgically fitted with T-cannulas in the distal ileum and fed the experimental diet with an 
indigestible marker (usually Q2O3) mixed in. An adaptation period, the length of which 
will vary, is allotted, and at the end of this period, digesta is collected from the ileal 
cannula for 12 h. The ileal cannulation method can be used to estimate nutrient 
digestibility of complete diets and individual feed ingredients (Stein et al., 2001; Stein et 
al., 2006). When the AA digestibility of individual feed ingredients is desired, a diet is 
formulated so that the test ingredient is the sole source of CP and AA in the diet (Stein et 
al., 2006). Basal endogenous AA losses are commonly measured by the regression 
approach, feeding a N-free diet, feeding highly digestible protein sources, or feeding 
enzymatically hydrolyzed casein as described previously. Standardized ileal protein and 
AA digestibility values are calculated from the AA content of the feed and ileal digesta, 
the content of the indigestible marker in the feed and ileal digesta, and the basal 
endogenous AA losses. 
Although the ileal cannulation technique is the standard method for estimating 
AA digestibility in pigs, it is a time-consuming, expensive procedure that often requires 
the test feed to be mixed with a standard diet, which may result in less accurate 
measurements of digestibility (Viljoen et al., 1997; Yin et al., 2002). An alternative is the 
mobile nylon bag technique (MBT), which requires a much smaller sample of the test 
ingredient and does not require a dietary adaptation period or the use of indigestible 
markers. To obtain accurate small intestinal digestibility estimates using the MBT, 
animals are surgically fitted with duodenal cannulas for sample insertion, and they also 
undergo ileo-rectal anastomosis surgery so the bags can be collected after they pass 
through the ileum without being exposed to microbial degradation in the large intestine 
(Viljoen et al., 1997). With the MBT, a sample of the test ingredient is weighed into 
nylon bags, which are heat sealed. The bags are then soaked in a pepsin-HCl solution to 
mimic conditions in the stomach. The pre-soaked bags are then introduced through the 
duodenal cannula and collected from the excreta. The undigested content of the bags is 
analyzed for AA content, and the AA that disappeared from the bags are assumed to be 
absorbed by the animal. This is a precarious assumption as the small intestine is a live, 
active organ under physiological and metabolic control, and discrepancies between 
digestibility measurements obtained with the MBT and with the conventional ileal 
digestibility method have been reported (Viljoen et al., 1997; Yin et al., 2002). Viljoen et 
al. (1997) reported that protein and AA digestibility estimates obtained using the MBT 
were lower than estimates obtained in vivo, and Yin et al. (2002) reported that protein 
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and AA digestibility estimates obtained using the MBT were lower for some feeds and 
higher for others compared to estimates Obtained vivo. These discrepancies may be due 
to differences in experimental approach as several factors can influence digestibility 
values obtained with the MBT including: fineness of grinding, pore size of bags, sample 
size, length of pepsin/HCl incubation, and handling of retrieved bags (Cherian et al., 
1988; Yin et al., 2002). If the MBT is to be used routinely to estimate digestibility of 
feeds, a standardization of the protocol is required so that differences in digestibility 
estimates reported across experiments can be accurately assessed. However, the 
conventional ileal cannulation method for determining ileal digestibility of AA in swine 
appears to be preferred over the MBT as AA digestibility estimates obtained using the 
MBT do not always agree with estimates obtained in vivo. 
Ruminants. Similar to measuring endogenous protein and AA losses, measuring 
intestinal digestibility of individual feed ingredients is also more difficult in ruminant 
animals compared to non-ruminant species. This is attributable to microbial degradation 
of dietary protein in the rumen, ruminal synthesis of microbial protein, and recycling of N 
into the rumen. These factors make it difficult to estimate intestinal N and AA 
disappearance from one single source. Therefore, in vivo estimates of RUP digestibility 
of individual feeds in ruminants are extremely scarce (Hvelplund and Madsen, 1990), and 
the more simple in situ MBT is more commonly used to estimate intestinal digestibility 
of RUP and RUP-AA (NRC, 2001). Varvikko and Vanhatalo (1990) evaluated the use 
of the MBT to estimate RUP digestibility of individual feed ingredients in ruminant 
animals. To measure protein digestibility in vivo, the authors introduced 250 g of 15N-
labeled ryegrass suspended in an aqueous solution into the duodenum of a duodenally 
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cannulated non-lactating cow in 20 equal portions at 20-min intervals. Total fecal 
collection followed for 56 h. The disappearance of 15N between the duodenum and feces 
wa§ calculated, and the digestibility of ryegrass protein was determined to be 70%. The 
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authors used this measurement to evaluate the use of the MBT in cattle to estimate feed 
CP digestibility. In a separate trial, 0.8 g of the 15N ryegrass was weighed into polyester 
bags that were heat sealed and introduced into the duodenum of the cow. The bags were 
recovered from the feces, washed, and the undigested residue was analyzed for N 
content. Disappearance of 15N from the bags was then calculated and determined to be 
about 86%. The higher losses of 15N from the bags led the researchers to conclude that 
some of the undigested N in the bags was able to pass through the pores in the bags, and 
that N disappearance from the bags was not equal to intestinal absorption of digested N. 
Despite the limitations of the MBT described here and reported in the swine literature, 
most estimates of RUP digestibility of individual feed ingredients reported in the 
ruminant literature have been determined using the MBT. Therefore, the use of this 
technique in ruminant animals and RUP and RUP-AA digestibility coefficients obtained 
using the MBT for a variety of ingredients are discussed.-
The use of the MBT in ruminants differs slightly from the use of the technique in 
swine as feeds are ruminally incubated in situ prior to determining intestinal digestion. 
This ruminal incubation step is generally considered necessary as estimates of protein and 
AA digestibility of intact feedstuff's differ from protein and AA digestibility estimates 
obtained on ruminally undegraded feed residues (Tables 1 and 2; Rooke, 1985; Benchaar 
et al., 1994; Erasmus et al., 1994). However, the magnitude of these differences are not 
the same across feed types. For example, Rooke (1985) reported a large difference in 
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digestibility coefficients of intact and ruminally incubated fish meal samples (94 and 
86%, respectively) obtained using the MBT in dairy cows, but Pereira et al. (1998) 
reported only a small difference in RUP digestibility coefficients of intact and ruminally 
incubated brewers' grain (86 and 84%, respectively) obtained using the MBT in wethers. 
Intestinal digestibility of individual AA in some feeds also appears to be affected by 
ruminal incubation (Table 1; Prestl0kken and Rise, 2003). Prestlekken and Rise (2003) 
evaluated CP and AA digestibility of intact and ruminally incubated samples of barley, 
expanded barley, oats, expanded oats, fish meal, rapeseed meal, soybean meal (SBM), 
and SoyPass using the MBT in dairy cows. Amino acid digestibility estimates of the 
intact feed and ruminally undegraded residues differed for all of the feedstuffs evaluated 
except for SBM. Generally, feeds are ruminally incubated in situ for 16 h as this 
represents the average retention time of concentrate ingredients in the rumen 
(Calsamiglia and Stern, 1995). At the end of the ruminal incubation, the bags are 
removed and rinsed to stop fermentation. Sometimes, an effort is also made to remove 
ruminal bacteria that may still be attached to the feed residues in the bags. Some of the 
bags are then opened and analyzed for CP and AA content, and the unopened bags are 
soaked in a pepsin-HCl solution for generally 1 h to mimic the conditions of the 
abomasum. Pre-soaked bags are introduced to the duodenum of duodenally cannulated 
animals. Bags are then collected either from the terminal ileum via an ileal cannula, if 
the animals have been fitted with one, or more commonly from the feces. Once 
collected, the bags are rinsed, and the CP and AA content of the undigested residue that 
remains in the bags is determined. The CP and AA that disappeared from the bags are 
assumed to have been absorbed by the animal. 
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As mentioned previously, there are many sources of variation in obtaining 
intestinal digestibility estimates with the MBT. However, farther sources of variation are 
introduced when the technique is used in ruminants because of the additional ruminal 
incubation step. These additional sources of variation include: length of ruminal 
incubation time, fineness of grind of feed prior to ruminal incubation, pore-size of the 
bags used in the ruminal incubation, and processing of the bags after incubation (i.e., 
method of rinsing, method of removing bacteria, etc.; Todorov and Girgiliov, 1991; 
Kononoffetal.,2007). 
In addition, when the MBT is used in ruminants, the bags are most commonly 
collected from the feces (Tables 1 and 2). This is due to the difficulty in maintaining 
ileally cannulated ruminant animals (the motility of the ileum and cecum causes a high 
incidence of post-surgical complications; Harmon and Richards, 1997) and the difficulty 
in retrieving the bags through the ileal cannula. However, the site of bag collection 
(ileum vs. feces) influences digestibility estimates (Tables 1 and 2; Cone et al., 2006). 
Some researchers have reported minor discrepancies between RUP digestibility estimates 
when bags are collected in the feces versus the ileum (Tables 1 and 2; Jarosz et al., 1994; 
Prestlokken and Rise, 2003), while others have reported significant effects of site of bag 
collection (Tables 1 and 2; Prestlokken and Rise, 2003; Cone et al., 2006). Jarosz et al. 
(1994) reported no effect of site of bag collection on CP digestibility coefficients in 
lactating cows for barley straw, whole crop barley, grass hay, pea straw, and whole crop 
peas. However, the samples were not incubated in the rumen prior to determining 
intestinal digestion. Prestlokken and Rise (2003) reported no effect of site of bag 
collection on RUP and RUP-AA digestibility coefficients of ruminally incubated samples 
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of barley, expanded barley, expanded oats, and soybean meal when the MBT was used in 
non-lactating cows. For example, the RUP-Lys digestibility coefficients of ruminally 
incubated barley were 93.4% and 93.9% when bags were collected from the ileum and 
feces, respectively. Conversely, these same authors reported a significant effect of site of 
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bag collection on intestinal R.UP and RUP-AA digestibility of ruminally incubated 
samples of oats, fish meal, rapeseed meal, and SoyPass (Prestlekken and Rise, 2003). 
The RUP-AA digestibility coefficients of these feeds were higher when the bags were 
collected from the feces compared to collection of the bags at the ileum. The differences 
in RUP-AA digestibility coefficients for these samples are presented in Table 1. The 
higher protein and AA digestibility estimates obtained when bags were collected from the 
feces are likely a result of microbial degradation of undigested protein and AA in the 
large intestine. Similarly, Cone et al. (2006) reported a significant effect of the site of 
bag collection on RUP digestibility estimates when the MBT was used in lactating cows. 
Digestibility of RUP from grass was 83.0% when the bags were collected at the ileum, 
and 90.8% when the bags were collected from the feces. The authors reported similar 
differences in RUP digestibility, in regards to site of bag collection, for grass silage. 
Additional discrepancies in RUP and RUP-AA digestibility estimates when bags are 
collected at the ileum versus the feces are illustrated in Tables 1 and 2. From these 
summaries, it appears that the effect of bag collection site is a function of the feed 
analyzed. For example, the average RUP digestibility coefficients reported across 
experiments for ruminally incubated barley whole crop silage were 88.3 and 68.3% when 
bags were collected at the ileum and feces, respectively. This suggests that when the 
bags were collected from the feces, the samples were contaminated with microbial 
protein from the large intestine resulting in decreased digestibility estimates. Similarly, 
across experiments, average RUP digestibility coefficients for ruminally incubated grass 
silage samples also differed based on site of bag collection and were 65.3 and 72.9% 
when bags were collected from the ileum and feces, respectively. However, because the 
average reported RUP digestibility coefficient for grass silage is lower for ileal versus 
fecal collection of bags, this suggests that across experiments, there was a net degradation 
of undigested grass silage protein in the large intestine. The average RUP digestibility 
estimate for meat and bone meal reported across experiments was 59.0% for both ileal 
and fecal collection of the bags. As meat and bone meal is an animal protein concentrate 
that is not rapidly degraded by microorganisms, there is likely little effect of microbial 
contamination or degradation of these samples on RUP digestibility estimates when bags 
are collected from the feces. 
The effect of bag collection site on protein and AA digestibility may also be a 
function of whether the feeds are incubated in the rumen prior to determining intestinal 
digestion of protein. If both ruminally incubated and intact grass silage samples are 
included in average protein digestibility estimates across experiments, the average 
digestibility coefficients are 71.6 and 74.4% when bags are collected at the ileum and 
feces, respectively. In contrast, average RUP digestibility estimates are 65.3% for ileal 
collection and 72.9% for fecal collection if only ruminally incubated samples are 
included. If feeds are not exposed to microbial degradation in the rumen prior to 
determining intestinal digestion, small intestinal protein digestibility is altered which can 
affect the amount and/or composition of protein arriving at the large intestine which will 
influence ileal compared to fecal digestibility estimates. 
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Based on the discrepancies in total tract and small intestinal digestibility values 
reported in the literature, and the limited data reported regarding the influence of large 
intestine exposure on RUP-AA digestibility estimates (see Table 1), RUP-AA 
digestibility estimates obtained in the small intestine only are preferred to those obtained 
in the total tract for all feedstuffs. Also, as there appears to be an effect of ruminal 
incubation on CP and AA digestibility estimates in the small intestine for many feeds, all 
feeds should be ruminally incubated in situ prior to determining intestinal CP and AA 
digestibility. There is also considerable variation in RUP-AA digestibility within feeds; 
therefore, digestibility of individual AA should be measured, not just total RUP. If the 
MBT continues to be used to obtain these estimates, a standardization of the protocol for 
all steps in the procedure is needed. A standardizedprotocol would allow for an easier 
interpretation of differences in RUP and RUP-AA digestibility coefficients reported 
across experiments. 
Obtaining accurate RUP and RUP-AA digestibility estimates are difficult to 
obtain in ruminant animals for a variety of reasons. Also, even with a standardized MBT 
protocol, it will still need to be assumed that what disappears from the bag is equal to 
what is absorbed in the small intestine. Therefore, at least at the present time, it appears 
that identifying an alternative animal model wouldbe beneficial. Obtaining RUP and 
RUP-AA digestibility estimates in other species is easier, less expensive, and likely more 
accurate and precise; therefore, the use of other animal models to estimate digestibility of 
RUP and RUP-AA in ruminants is discussed. 
In Vivo Models of Digestibility for Ruminants. Poultry and swine may be viable 
animal models to estimate RUP and RUP-AA digestibility for ruminants (Titgemeyer et 
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al., 1990; Loveday et al , 2006). Titgemeyer et al. (1990) evaluated the use of the 
precision-fed cecectomized rooster assay to estimate intestinal digestibility of AA in 
cattle. The assay employed was similar to that described previously but instead of feed, 
the authors crop-intubated the roosters with freeze-dried duodenal digesta obtained from 
duodenally and ileally cannulated steers fed 5 different diets. The basal diet fed to the 
steers contained (DM basis): 49% corn silage, 20% corn starch, 16% wheat straw, 11% 
corn, 1% urea, 1% casein, and 2% vitamins and minerals. The other diets were 
formulated so that SBM or corn gluten meal replaced corn starch to provide 9% CP in 
diet DM, or blood meal or fishmeal replaced corn starch to provide 6% CP in diet DM. 
Intestinal digestibility of digesta was determined in cecectomized roosters and in steers. 
For the steers, C^C^ was used as an indigestible marker. The correlation between the 
unweighted means for AA digestibility of the duodenal digesta in cattle and in roosters 
was 0.94 (P < 0.05). However, the digestibility estimates obtained in the roosters were 
slightly lower than those obtained in the steers (Table 3). The authors speculated that the 
discrepancy between the digestibility estimates was possibly due to an underestimation of 
endogenous AA excretion in the roosters. Basal endogenous AA excretion was estimated 
using fasted roosters; however, the roosters were intubated with a fibrous digesta, which 
would likely increase specific endogenous AA excretion. However, as the correlation 
between the AA digestibility estimates obtained in the 2 species was high, the precision-
fed cecectomized rooster assay is likely an adequate animal model to at least evaluate 
treatment differences for ruminants. Also, although not 100% accurate, AA digestibility 
estimates in the 2 species were close and on average did not differ by more than 4 
percentage units (Table 3). 
Griffin et al. (1993) and Aldrich et al. (1997) also used the precision-fed 
cecectomized rooster assay to obtain estimates of RUP-AA digestibility in several 
individual feed ingredients. Feeds were ruminally incubated in situ fer l i b prior to 
determining intestinal RUP-AA digestibility in the roosters. Although the application of 
the precision-fed cecectomized rooster assay to obtain RUP-AA digestibility 
measurements for ruminants has only been validated in one study, currently, this may be 
the best viable alternative. 
Loveday et al. (2005) evaluated the use of the MBT in swine as a model for 
determining intestinal digestion of CP in cattle. The feeds evaluated were: canola meal, 
SBM, DDGS, alfalfa hay, barley silage, and barley straw. A portion of each of these 
feeds was heated to obtain a wide variation in intestinal CP digestibility. Feeds were 
ruminally incubated in situ for 12 h, and the undegraded residues were weighed into 
smaller polyester bags (pore size = 48 urn). Bags were placed in the duodenal cannulas 
of steers and gilts and collected from the feces. Upon recovery, CP disappearance was 
determined. The correlation between intestinal CP disappearance from the bags in steers 
and gilts was 0.98 (P < 0.05) with estimates in the gilts 3 - 4 percentage units higher than 
the estimates in cattle. However, these estimates were obtained in the total intestinal 
tract, and as mentioned previously, small intestinal digestibility estimates are preferred. 
Also, the variation associated with the MBT still exists; therefore, the use of the 
precision-fed cecectomized rooster assay as a model for cattle will likely provide more 
accurate estimates of RUP-AA digestibility than the use of the MBT in pigs. 
Heat Processing and In Vitro Techniques 
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Although it appears that viable in vivo models exist to estimate RUP and RUP-
AA digestibility for ruminants, an in vitro technique to estimate RUP and RUP-AA 
digestibility would eliminate the need to use animals and would be more practical and 
cost-effective for routine analysis. Several in vitro techniques that can be used to 
estimate protein and AA digestibility are assays that measure the extent of heat damage 
of protein and AA in feedsruffs resulting from the Maillard reaction, AA racemization 
reactions, and protein cross-linking reactions (Mauron, 1990; Friedman, 1999a,b; Meade 
et. al., 2005). Understanding these reactions is important because heat treatment is 
commonly used to increase the proportion of RUP in a feed and to dry wet feeds, such as 
wet distillers grains. The Maillard, AA racemization, and protein cross-linking reactions 
are discussed along with the nutritional consequences of these reactions and in vitro 
techniques that relate to these reactions. For this discussion, the following terms, as they 
relate to protein and AA nutrition, are defined: 
Bioavailability - proportion of ingested dietary AA that is absorbed in a chemical 
form that renders these AA potentially suitable for metabolism or protein 
synthesis. 
Digestibility - reflects enzymatic hydrolysis and microbial fermentation of 
ingested proteins and peptides and absorption of AA and peptides from the 
gastrointestinal lumen. 
Blocked lysine - lysine molecules in which the s-amino group is bound to 
another compound. 




Of the reactions that occur during heat processing of foods and feeds, the Maillard 
reaction generally has the greatest impact on nutritional quality (Mauron, 1990). The 
Maillard reaction (also termed glycation) is a non-enzymatic browning reaction that 
occurs between amino and carbonyl groups and is generally described in three phases: 
early, advanced, and final (Finot, 2005; Silvan et al., 2006). In foods and feeds, the 
Maillard reaction can occur between aldehydes, ketones, and reducing sugars with 
amines, amino acids, peptides and proteins (Mauron, 1981). The reaction most 
commonly occurs in feeds between carbonyl groups of reducing sugars and the free 
amino group present on the side-chain of Lys (Fig. 1; Mauron, 1981; Meade et al., 2005). 
Therefore, one of the major nutritional consequences of the Maillard reaction is the 
destruction or loss of Lys, an EAA that is often limiting for livestock production. The 
early Maillard reaction is characterized by the destruction of Lys, but as the reaction 
progresses, cross-links within and between protein molecules form, reducing digestibility 
of the entire protein molecule or fragments of the molecule (Mauron, 1990). The 
following summary of the Maillard reaction is adapted from the in-depth description of 
the reaction by Mauron (1981) and illustrated in Fig. 2. 
Early. The Maillard reaction begins by a condensation reaction between a 
carbonyl group and an amino group. The product of this condensation reaction is rapidly 
converted to a Schiff base through the loss of water. The formation of Schiff bases is not 
detrimental to the nutritive quality of feed protein because the reaction up to this point is 
reversible and can be converted back to the parent compounds in the gastric stomach. As 
the reaction continues, however, the Schiff bases undergo a cyclization reaction to N-
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substituted glycosylamines that are immediately converted via the Amadori 
rearrangement to 1-amino-l-deoxy-2-ketoses which are more commonly known as 
Amadori compounds. When the reducing sugar that participates in the Maillard reaction 
is glucose, the major Amadori compound formed is e-JV-deoxyfructosyl-L-lysine, and in 
milk where the major sugar present is lactose, the primary Amadori compound formed is 
JVMactuloselysine (Mauron, 1990). The Amadori rearrangement is irreversible, and Lys 
and other AA (such as N-terminal and free AA) that have participated in the Amadori 
rearrangement are unavailable to the animal. 
Advanced. The advanced stages of the Maillard reaction are characterized by the 
formation of advanced glycation end products (AGEs; Fig. 2) and by a reduction in 
bioavailability of all AA; the latter due to protein cross-links that form resulting in 
reduced digestibility of total protein (Hurrell and Carpenter, 1981). There are 5 different 
pathways that lead to the advanced Maillard reaction. Three of the pathways result 
directly from the Amadori rearrangement, and two bypass the Amadori reaction. The 
first pathway involving the Amadori compounds involves an enolization reaction to give 
fission products such as keto-aldehydes and dicarbonyls. A second pathway begins with 
an elimination reaction, followed by deamination and dehydration reactions that yield 
certain flavor compounds such as 2-furaldehydes. The third pathway begins with a 
substitution reaction of the amino-deoxy-ketose followed by regeneration of the amino 
acid and dehydration of the sugar moiety. Among the two pathways that bypass the 
formation of Amadori compounds, Strecker degradation is the best characterized. This 
pathway is characterized by the oxidative degradation of AA by a-dicarbonyls produced 
as byproducts of the Amadori rearrangement. The result of this reaction is the formation 
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of Strecker aldehydes which are flavor compounds. The other pathway is characterized 
by a transamination reaction in which the AA is converted to the oxo-acid, and the sugar 
is converted to a non-reducing amino sugar. The reaction then continues similarly to the 
Strecker degradation pathway. 
Final. The final phase of the Maillard reaction results in the formation of the 
characteristic brown melanoidin pigments. These compounds are the result of 
polymerization of the reactive compounds formed during the advanced Maillard reaction 
(Fig. 2). These polymerization reactions lead to the brown coloring and toughening of 
food. The reactions leading to the formation of the melanoidin compounds are not well 
characterized, but it appears that the substances formed are biologically inert. Because 
the brown pigments are not formed until the final stages of the reaction, and irreversible 
damage to AA and protein is seen in the early and advanced stages of the reaction, visual 
appearance of feed is not always a good indicator of heat damage that results from the 
Maillard reaction. However, several chemical assays have been developed to objectively 
measure the extent of damage to protein and AA, particularly Lys, that results from the 
Maillard reaction. These assays are reviewed. 
Measuring Maillard Reaction Products. The Maillard reaction is well 
characterized, and the structures of many of the compounds have been elucidated; 
therefore, several of the Maillard reaction products have been measured and used as 
indicators of nutritive damage of food protein. Of these compounds, furosine and 
carboxymethyllysine (CML) have been the most widely used and studied (Erbersdobler 
and Somoza, 2007). Furosine is an indicator of the early Maillard reaction, and CML is 
an indicator of the advanced Maillard reaction. 
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Furosine analysis has been used for over 40 years as an indicator of thermal 
damage in foods (Erbersdobler and Somoza, 2007). As stated previously, e-N-
deoxyfructosyl-L-lysine is the major Amadori compound formed during the early 
Maillard reaction. Upon acid hydrolysis, e-JV-deoxyfructosyl-L-lysine is released in a 
constant ratio of 50% lysine, 30% furosine, 20% pyridosine, and 10% other compounds 
(Mauron, 1990). Therefore, the amount of furosine measured after acid hydrolysis can be 
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% blocked lysine = (3.1 furosine x 100) 
[total lysine + (1.86*furosine)] 
The acid hydrolysis procedure used in furosine analysis is identical to that used in AA 
analysis of feeds: 6 N HC1 and boiling the sample for 24 h (Moughan et al., 1996). After 
the hydrolysis step, the furosine and AA content can be determined using ion-exchange 
chromatography with post-column ninhydrin derivatization. The chromatographic peak 
of furosine appears directly after Arg, which is the last AA to elute from the column 
(Erbersdobler and Somoza et al., 2007). 
The furosine assay is attractive because furosine and AA content of feeds can all 
be determined with one procedure. However, furosine analysis is only indicative of 
damage due to the early phases of the Maillard reaction. If feeds are subjected to more 
severe heat treatments (i.e., higher temperatures, longer time periods), many of the 
Amadori compounds have reacted to form AGEs; therefore, upon acid hydrolysis of more 
severely damaged feeds, the content of furosine decreases (Erbersdobler and Somoza et 
al., 2007). Consequently, the relationship between temperature of heat processing and 
furosine content is not linear (Erbersdobler and Somoza et al., 2007). 
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The limitations of the furosine assay can be partially overcome by analyzing more 
severely damaged feeds for AGEs such as CML. Carboxymethllysine is formed by 
oxidative degradation of Amadori compounds (i.e., s-iV-deoxyfructosyl-L-lysine) or by 
reaction of lysine with products of autoxidation of ascorbic acid (Bosch et al., 2007). The 
first step in determining the CML content of feeds is also acid hydrolysis using 6 N HC1 
and boiling the samples for 24 h. However, to prevent the formation of CML from e-N-
deoxyfructosyl-L-lysine during the acid hydrolysis step, samples first need to be reduced 
with sodiumborohydride (Drusch et al., 1999; Faist et al., 2001). The hydrolyzate is then 
analyzed using high performance liquid chromatography with pre-column o-
phthaldialdehyde derivitization (Drusch et al., 1999; Faist et al., 2001). Analyzing foods 
for CML is less common than furosine because it is a more difficult procedure to 
perform, and normal heat processing conditions are generally not severe enough to 
induce the advanced Maillard reaction (Erbersdobler and Somoza et al., 2007). However, 
when feeds are stored for prolonged periods of time and/or processing conditions are 
more severe, CML analysis may be a useful tool for assessing thermal damage of feeds. 
A negative relationship between furosine and CML content of foods and digestibility of 
protein and AA is well documented (Hurrell and Carpenter, 1981). However, the 
Maillard reaction is not the only reaction that can occur in feeds that results in decreased 
protein and AA digestibility. Amino acid racemization and the resultant formation of 
protein cross-links can also depress digestibility of protein and AA in heated foods. 
Therefore, all of these reactions may need to be considered when assessing the effect of 
heat processing conditions on protein quality. 
Amino Acid Racemization and Formation of Lysinoalanine 
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Amino Acid Racemization. There are 20 AA that are recognized by the genetic 
code, and each AA, with the exception of glycine, has at least one asymmetric carbon 
atom that can exist in two mirror images, D and L (Friedman, 199%). Only L-AA can be 
iHeopffled into peptides md proteins, and with few exception, AA found in nature 
occur in the L configuration. However, heat processing methods can induce AA 
racemization resulting in the isomerization of L-AA to the D configuration (Liardon and 
Hurrell, 1983; Friedman, 1999b). Also, alkali treatment of foods and feeds can induce 
AA racemization more readily than heat alone (Liardon and Hurrell, 1983). Therefore, 
humans and animals that consume alkali or heat processed foods and feedstuffs ingest 
varying quantities of D-AA, which may have nutritional consequences. 
The mechanism of A A racemization begins with the removal of a proton from the 
asymmetric C-H bond of an AA residue by OH" to form a carbanion intermediate 
(Friedman et al., 1981; Friedman, 1999b). This carbanion can then recombine with a 
proton from the solvent to regenerate the original AA which is now racemic. All AA 
residues will undergo racemization simultaneously, but the rate of racemization varies for 
each AA and depends on whether the AA are free or peptide bound. Aspartic acid has 
the fastest rate of racemization while the branch chain AA (BCAA) have the slowest 
rates (Liardon and Hurrell, 1983). Rate of racemization is also a function of temperature 
and pH (Mann and Bada, 1987). 
The nutritional consequences of racemization of L-AA to the D form are three-
fold: 1) D-AA cannot be used for protein synthesis, 2) D-D, D-L, and L-D peptide bonds 
are partly or fully inaccessible to proteolytic enzymes which decreases digestibility of 
total protein and L-AA, and 3) proteins containing D-AA compete with other proteins for 
the active site of proteolytic enzymes decreasing digestibility of proteins that do not 
contain D-AA (Friedman, 1999b). To distinguish L- from D-AA in a feed, a chiral 
column needs to be included in chromatographic analysis of AA, and because AA can 
racemize during acid hydrolysis, deuterium labeling of the HC1 used in acid hydrolysis is 
required to distinguish D-AA formed as a result of feed processing conditions and those 
formed as a result of the hydrolysis procedure (Liardon and Hurrell, 1983). The relative 
abundance of D-AA in some heated protein sources are discussed below. 
Concentrations of D-AA in Heated Proteins. To assess the effects of heat on AA 
racemization in protein sources, Liardon and Hurrell (1983) heated bovine serum albumin 
and solvent-extracted chicken muscle at 121°C for 0, 2, 4, 8, 16, and 27 h and measured 
the presence of D-AA. Appreciable racemization of Asp, Cys, and Ser residues in the 
samples was observed only after 27 h of heating. At this point, the concentrations of D-
Asp, D-Cys and D-Ser in bovine serum albumin were 40, 32, and 15% of D + L forms, 
respectively, and the concentrations D-Asp, D-Cys, and D-Ser in chicken muscle were 
31, 6, and 4% of D + L forms, respectively. Concentrations of the D forms of the other 
AA were minimal (< 4% of D + L forms), even after 27 h of heating. The authors also 
measured the D-AA content of heated milk powders that were stored for various lengths 
of time at various temperatures. The four storage conditions were 60°C for 9 weeks, 
70°C for 9 weeks, 120°C for 1 h, and 230°C for 20 min. The only treatment that induced 
appreciable AA racemization was heating at 230°C for 20 min, and only the D forms of 
Asp and Glu were present in appreciable amounts: 31 and 9.2% of D + L forms, 
respectively. Based on these results, it appears that the temperature has to be excessively 
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high or that the heat needs to be applied for an excessively long period of time before 
appreciable AA racemization is induced in these protein sources. 
These observations are supported by the results of Bunjapamai et al. (1982) who 
also measured the D-AA concentrations of foods before and after heat processing. The 
foods were: white bread, toast, soy flour, extruded soy flour, raw peanuts, peanut butter, 
corn meal, taco shells, raw beef, cooked hamburger, raw chicken, and irradiated chicken. 
The D-AA concentrations in the processed foods were approximately the same as found 
in the raw materials. The exception was that the D-Asp concentration in toast and 
extruded soy flour was higher than in white bread and soy flour, respectively. D-Aspartic 
acid concentrations of toast, extruded soy flour, white bread, and soy flour were 10.5, 7.6, 
5.6, and 4.4% of D-Asp + L-Asp, respectively. However, Asp is not an EAA, so the 
nutritional consequences of this are likely minimal. 
Although heat can induce AA racemization in proteins, the nutritional 
consequences of AA racemization in practical heat processing conditions are likely 
minimal. This is because the heat application needs to be more severe than typical 
processing techniques require, and the AA that have the fastest rates of racemization are 
the non-essential AA (NEAA; Liardon and Hurrell, 1983; Bunjapamai et al., 1982). 
Formation of D-AA is more of a concern in alkali processed foods and feeds. Several 
reviews discuss the impact of alkali treatment on the formation of D-AA in foods (Mann 
and Bada, 1987; Friedman, 1999b). 
Lysinoalanine. Racemization reactions also lead to protein cross-linking 
reactions. These reactions occur via the formation of cross-linking compounds such as 
lysinoalanine (LAL). Lysinoalanine is formed from the carbanion intermediate produced 
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during the racemization reaction. In the formation of LAL, the carbanion undergoes a P-
elimination reaction to form a dehydroalanine side chain which then forms cross-links 
with the E-amino group of Lys (Friedman et al., 1981). The formation of LAL not only 
renders the Lys that participates in the reaction unavailable to the animal, but it also 
decreases the digestibility of total protein and other AA because LAL impairs the 
approach of proteolytic enzymes to the peptide chain (Robbins et al., 1980; de Vrese et 
al., 2000; Boschin et al., 2003). Lysinoalanine content of a feed can be determined when 
analyzing feeds for AA content; the chromatographic peak of LAL is eluted between Phe 
and His (Friedman et al., 1981). 
Lysinoalanine Formation in Alkali and Heat Treated Protein. The formation of 
LAL occurs more readily in basic conditions than when heat alone is applied 
(Bunjapamai et al., 1982). However, when alkali and heat treatments are applied to feeds 
in combination, LAL concentrations increase as compared to either processing method 
alone (Friedman et al., 1981). Friedman et al. (1981) evaluated the relationship between 
LAL and D-amino acid content of casein on in vitro digestibility. The authors heated 
casein treated with 0.1 N NaOH at 25, 35, 45, 55, 65, and 75°C. The pH of the 
casein/NaOH solution was 12.5. They measured in vitro digestibility of the treated 
casein using a proteolytic digestion assay, which employs the use of trypsin and 
chymotrypsin enzymes. The enzymes cleave the peptide bonds of casein and the number 
of carboxyl groups liberated after enzymatic hydrolysis are quantified. The number of 
hydrolyzed peptide bonds can then be calculated. The authors observed a direct 
relationship between temperature and D-AA and LAL formation, and an inverse 
relationship between D-AA and LAL formation and the extent of peptide bond cleavage. 
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However, because D-AA and LAL form simultaneously, the authors could not 
differentiate the effects of formation of D-AA from LAL formation on in vitro 
digestibility. 
To differentiate the effects of D-AA and LAL formation on intestinal digestibility 
of protein and AA, de Vrese et al. (2000) treated 15N labeled cow's milk with o-
methylisourea prior to exposing the milk protein to heat and alkali conditions. Treating 
the protein with o-methylisourea induces the guanidination reaction which results in the 
conversion of reactive lysine to homoarginine (HA). Thus, when the protein is subjected 
to the processing conditions, AA can racemize, but LAL does not form. The authors then 
incubated both the guanidinated and unguanidinated protein in a 5 mol/L NaOH solution 
at 65 °C for 6 or 24 h. These test proteins were then mixed with a purified diet, which 
was fed to ileally cannulated pigs. Intestinal digestibility of the protein and AA was then 
determined. Because the test protein was labeled with 15N, the authors did not measure 
endogenous A A losses. Digestibility of 15N was depressed when milk protein was treated 
with the alkali solution at 65 °C for 6 h but was not further depressed when the proteins 
were heated for 24 h. The 6-h alkali treatment increased D-Asp concentrations in casein 
from 1.9% of total Asp in the native protein to 10.5% of total Asp. The D-Asp 
concentration of the casein treated for 24 h was 14.7% of total Asp. However, the 
authors did not observe differences in digestibility between guanidinated and 
unguandinated protein despite the fact that the unguanidinated samples contained over 
twice as much LAL as the guanidinated samples. Both the guanidinated and 
unguanidinated samples contained similar concentrations of D-AA. Therefore, the 
authors concluded that D-AA formation was responsible for most of the decrease in AA 
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digestibility seen in alkali treated proteins and that the formation of LAL played a minor 
role. These conclusions should be interpreted with caution, as these authors only 
evaluated the impact of D-AA and LAL formation on protein and AA digestibility of 
milk protein. The impact of D-AA versus LAL formation on intestinal digestibility of 
protein and AA in other protein sources could be different. 
Measuring Lysine Reactivity 
In addition to methods that quantify products of reactions that cause damage to 
Lys, several methods have also been developed that estimate reactive Lys. These 
methods are advantageous because they quantify the total amount of reactive Lys in a 
feed irrespective of a particular reaction that resulted in Lys damage. It is important to 
clarify that while reactive Lys is a good indicator of the bioavailability of Lys, the two 
terms are not equivalent. This is because even if Lys is present in a form that is 
potentially available for utilization by the animal, its digestion and absorption can be 
impaired if present in an indigestible peptide (Hurrell and Carpenter, 1981). 
Of the methods that quantify reactive Lys, the most widely utilized and studied 
are the l-fluoro-2,4-dinitrobenzene (FDNB) and the guanidination methods (Hurrell and 
Carpenter, 1981). The FDNB and guanidiantion methods work by attaching a chemical 
group to the reactive £-amino group of Lys and measuring the resultant product. In the 
FDNB method, FDNB reacts with the s-amino group of Lys to form dinitrophenyl Lys 
(DNP-Lys; Booth et al., 1971). In the guanidination reaction, O-methylisourea reacts 
with the e-amino group of Lys to form HA, an AA not found in nature (Moughan and 
Rutherfurd, 1996). In both reactions, if the e-amino group of Lys is bound to another 
compound, then it is not available to react and the resultant products are not formed; 
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therefore, the amount of reactive Lys can be calculated based on the amount of product 
formed as a result of the respective reactions. The amount of product formed is 
determined after acid hydrolysis via ion exchange chromatography (Hurrell and 
Carpenter, 1981). The advantage of the FDNB procedure is that it can be completed in 
about 2 days (Roach et al., 1967; Hurrell and Carpenter, 1981) where as the 
guanidination procedure requires 5 days to complete (Moughan and Rutherford, 1996). 
However, it is suggested that the guanidination procedure is more accurate in estimating 
reactive Lys especially when feeds containing starch and sugars are analyzed (Hurrell and 
Carpenter, 1981; Rutherford et al., 1997). In the presence of carbohydrates, DNP-Lys is 
reduced during acid hydrolysis resulting in erroneous reactive Lys values when using the 
FDNB method (Hurrell and Carpenter, 1981). Therefore, correction factors have been 
developed for use when the FDNB method is used to determine reactive Lys (Booth, 
1971; Rutherford et al., 1997). Another concern with the FDNB procedure is that FDNB 
can react with the a-amino group of Lys to form DNP-Lys (Moughan and Rutherford, 
1996). In contrast, the guanidination reaction is specific for the e-amino group of Lys, 
and HA will only form with reactive Lys (Moughan and Rutherford, 1996). The 
nutritional consequences of heat processing can be assessed using these laboratory 
methods. The use of these assays and in vivo measurements to assess heat damage of 
protein and AA are discussed below. 
Faldet et al. (1992) evaluated the relationship between heat treatment of soybeans 
on reactive Lys content as measured using the FDNB method. The soybeans were heated 
at 0, 120, 130, 140,150, or 160°C for various lengths of time ranging from 10 to 120 min. 
The reactive Lys content of the soybeans was then measured. As temperature increased 
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the length of time needed to affect the reactive Lys concentration of the soybeans 
decreased. For example, when soybeans were heated at 140°C, reactive Lys 
concentrations were 100, 91, 89, 83, and 78% for the 10, 30, 60, 90, and 120 min. 
treatments, respectively, but when soybeans were heated at 160°C, reactive Lys 
concentrations were 96, 85, 58, 47, and 44% for the 10, 30, 60, 90, and 120 min. 
treatments, respectively. The authors also evaluated the effect of reactive Lys content of 
soybeans, as measured using the FDNB procedure, on rat growth. The authors 
formulated diets using the various heated soybeans to provide weanling rats with graded 
levels of reactive Lys and measured body weight gain of the rats for 2 weeks. A high 
correlation between reactive Lys consumed and body weight gain was observed (r = 0.99; 
P < 0.05), indicating that the FDNB method provides accurate estimates of reactive Lys 
in soybeans. 
Batterham et al. (1986) evaluated the effect of temperature and pressure on the 
availability of Lys in meat and bone meal (MBM) using the slope-ratio assay with 
growing pigs, rats, and chicks. Reactive Lys was also measured in vitro using the FDNB 
method. To assess the effects of pressure, the authors increased the atmospheric pressure 
used in the early (T2) and late (T3) stages of MBM processing, and to assess the effects 
of temperature, they extended the rendering temperature of the MBM for 4 h at either 125 
(T4) or 150°C (T5). The reactive Lys estimates obtained using the FDNB method were 
74, 64, 70, 70, and 54% for the Tl, T2, T3, T4, and T5 treatments, respectively. The 
available Lys estimates obtained using the slope ratios assays for the 3 species were 88-
97, 45-78, 43-63, 59-84, and 21-38% for the Tl, T2, T3, T4, and T5 treatments, 
respectively. The rat generally yielded lower available Lys estimates than the other 2 
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species. However, there are some large discrepancies between the reactive Lys estimates 
obtained in vitro and Lys availability measured in vivo. There are two possible reasons 
for this discrepancy: 1) the FDNB method does not yield accurate estimates of reactive 
Lys of MBM or 2) the reactions involving the e-amino group of Lys only partially 
explain the reduction in Lys availability in MBM processed under these conditions. 
Rutherford et al. (1997) evaluated the use of both the guanidination and the 
FDNB methods to estimate reactive Lys in cottonseed meal, SBM, MBM, wheat meal, 
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and blood meal. There was generally good agreement between the two methods, 
especially for the animal protein sources. Reactive Lys estimates obtained using the 
FDNB method were 84.4, 3.1, 30.4, 27.1, and 14.7% for the blood meal, wheat meal, 
MBM, SBM, and cottonseed meal, respectively; the estimates obtained using the 
guanidination method were 88.0, 3.1, 34.6, 32.3, and 14.4%, respectively. Although the 
estimates were close, the estimates obtained using the FDNB method were lower than 
those obtained using the guanidination method. The error is likely from the FDNB 
method as the guanidination method cannot theoretically overestimate reactive Lys 
content as HA only forms with reactive Lys. Also, as mentioned previously, correction 
factors need to be used with the FDNB method which can also attribute to the 
discrepancy between the two methods. Therefore, it is concluded that the HA method is 
the more accurate of the two methods for estimating reactive Lys content across 
feedstuffs. 
Nutritional Consequences of Heat Processing 
Although heating foods and feeds can damage nutritional quality of protein, there 
are also some beneficial consequences. These include an increase in protein digestibility 
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due to modification of protein tertiary and secondary structure (Mauron, 1990), 
inactivation of anti-nutritional factors such as trypsin inhibitor (Faldet et al., 1992), and 
alteration of the proportion of RDP and RUP in feedstuffs which is often desired when 
the profile of AA in the feed protein closely matches animal requirements (NRC, 2001). 
However, tnegative consequences of heat processing are generally realized if the 
temperature and length of heat application are more severe (Friedman, 1999b; Silvan et 
al., 2006). As mentioned previously, negative consequences of heat processing include 
reduced protein and A A digestibility and the destruction of EAA, particularly Lys. 
Nutritional consequences of consuming these feeds will be minor as long as adequate 
protein from a variety of sources is consumed (Mauron, 1990). Therefore, the 
detrimental nutritional consequences of the Maillard, AA racemization, and protein cross-
linking reactions are most commonly a concern for human infants where the sole source 
of nutrient intake is often milk based powder formulas (Maruon, 1990), for patients 
receiving total enteral nutrition formulas (Boschin et al., 2003), and for livestock 
production where feeding highly digestible protein sources is critical to the profit and 
environmental stewardship of the operation (Noftsger and St.-Pierre 2003; Powers, 
2003). As the focus of this review is estimating protein and AA digestibility in 
ruminants, the impact of heat processing on intestinal digestibility of RUP and RUP-AA 
is discussed. 
Heat processing and RUP and RUP-AA digestibility. Griffin et al. (1993) 
evaluated the effects of heat treatment of soybean products on N metabolism in calves 
and on RUP-AA digestibility as measured using the precision-fed cecectomized rooster 
assay. The evaluated products were SBM (control), raw soybeans, extruded soybeans 
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(exit temperature of 120"C), and heat-damaged soybeans. For the calf study, 4 steers 
(240 kg BW) were fitted with abomasal and ruminal cannulas and fed diets containing 
one of the four soybean products. Diets were composed mainly of ground corn and 
cottonseed hulls and formulated to contain equal amounts of CP and fermentable energy. 
Dietary inclusion levels were (as-fed basis) 12.6, 14.1, 15.2 and 24.9% for the SBM, raw 
soybean, extruded soybean, and heat-damaged soybean treatments, respectively. Intake 
of N was the same across treatments, but N absorbed and retention of absorbed N was 
lower for calves fed heat damaged soybeans compared to calves fed the other treatment 
diets. The authors also incubated the treatment feeds and complete diets in the rumen of 
the calves for 16 h and fed the ruminally undegraded feed residues to cecectomized 
roosters to obtain standardized RUP-AA digestibility measurements for the feeds and 
diets. Because the authors pooled the excreta from the birds for analysis of AA content, 
statistical inferences could not be made. However, intestinal RUP-AA digestibility of the 
feeds was numerically lower for the heat damaged, extruded, and raw soybean treatments 
compared to SBM, and the RUP-Lys digestibility of the feeds was 92, 78, 87, and 41% 
for the SBM, raw soybeans, extruded soybeans and heat-damaged soybeans, respectively. 
Although, statistical inferences were not made, the numerical depression of RUP-AA 
digestibility of the heat damaged soybeans supports the findings of the calf trial in which 
N digestibility and utilization was lowest for this treatment. In the case of feeding 
soybeans, it appears that some heat treatment of the product improves N utilization and 
AA digestibility, but excessive heat leads to decreased N utilization and AA digestibility. 
This highlights the need to monitor heat processing applications as too little heat and too 
much heat can have adverse effects on protein quality of soybeans. 
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Aldrich et al. (1997) also determined intestinal AA digestibility of rumen 
undegraded residues of raw and extruded soybeans using the precision-fed cecectomized 
rooster assay. Soybeans were extruded at temperatures of 116, 138, and 160°C. Raw and 
heated soybeans were ruminally incubated in situ in cannulated steers for 16 h. Intact 
raw soybeans and soybeans extruded at 160°C as well as the ruminally incubated residues 
of all 4 soybean samples were crop intubated to cecectomized roosters. Extrusion at 
160°C increased AA digestibility in the intact soybeans. Among the ruminally incubated 
samples, extrusion also improved RUP-AA digestibility with the greatest improvement 
observed when the soybeans were extruded at 116°C (numerical differences shown in 
Table 1). When soybeans were extruded at 138 and 160°C, RUP-AA digestibility was 
higher than the raw soybeans, but lower than the soybeans extruded at 116°C. The 
authors also measured trypsin inhibitor activity of the raw and extruded soybeans and 
reported decreased trypsin inhibitor activity with increasing extrusion temperature. The 
decrease in trypsin inhibitor activity is likely the reason for the improvement in RUP-AA 
digestibility in the extruded compared with raw soybeans. However, when extrusion 
temperatures were above 116°C, RUP-AA digestibility was slightly depressed. Again, 
heat processing conditions need to be carefully monitored to achieve the right balance 
between beneficial and adverse effects of heat treatments of soybeans. 
As mentioned above, heat treatment of feedstuffs is utilized to decrease ruminal 
degradation of feed protein and increase the proportion of RUP. Heat application for this 
process also needs to be carefully controlled (Faldet'et al., 1992; Pereira et al., 1998). 
Pereira et al. (1998) evaluated the effects of heat treatment on ruminal degradability and 
intestinal digestibility of RUP and intact protein in brewers' grains. A sample of 
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brewers' grain was heated in a forced-air oven as follows: untreated control, 50°C for 11 
h, 100°C for 4.5 h, 135°C for 2.13 h, and 175°C for 2 h. Ruminally and duodenally 
cannulated wethers were used to determine ruminal degradability and intestinal 
digestibility of the heated samples. The in situ nylon bag technique was employed to 
determine ruminal degradation, and the MBT with collection of the bags in the feces was 
used to estimate intestinal digestibility of RUP. Rate of ruminal N degradation decreased 
between the control and the 50°C treatment, but no further decrease was observed with 
the higher temperatures; however, effective ruminal degradability of CP decreased 
successively with increasing temperature. Intestinal digestibility of the RUP of the intact 
protein was not different among the control, 50°C, and 100°C treatments, but was 
depressed for the 135°C treatment with a further depression observed for the 175°C 
treatment. Intestinal RUP and intact protein digestibilities for the control, 50°C, 100°C, 
135°C, and 175°C treatments are listed in Table 2. Amino acid digestibilities were not 
measured, but it is likely that Lys digestibility was depressed even more than total 
protein. 
Monitoring the effect of heat treatment on intestinal RUP-Lys digestibility is 
especially important for lactating cows as Lys is either co-limiting with Met or second 
limiting for milk and milk protein production in North America where diets high in corn 
products are fed (NRC, 2001). When feeds are heated to decrease the proportion of RDP 
and increase the proportion of RUP, the greatest benefit will be observed if the RUP is 
readily digested and RUP-AA, particularly Lys, are readily absorbed by the animal. 
Processing methods that increase RUP supply without damaging RUP-Lys should be 
used. 
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Faldet et al. (1992) evaluated the effects of heat treatment of soybeans on rates of 
in vitro ruminal degradation and Lys availability to determine the heat treatment that 
would optimize delivery of Lys in soybean protein to the small intestine of ruminant 
animals. Soybean treatments and results of the Lys availability tests are detailed above 
(see Measuring Reactive Lys). In addition to those results, the authors also reported a 
decrease in in vitro rates of ruminal degradation with increasing temperature and 
increasing length of heat application. Based on these ruminal in vitro degradation rates, 
the authors estimated the amount of RUP in the soybeans, and as expected the amount of 
RUP in the samples increased with increasing temperature and increasing length of heat 
application. Taking into account the effect of heat on Lys reactivity determined using the 
FDNB method and rat growth assays, the authors concluded that the optimal heat 
treatment of soybeans that resulted in the maximal post-ruminal reactive Lys supply was 
140°C for 120 min., 150°C for 60 min., or 160°C for 30 min. These treatments resulted in 
a loss of reactive Lys of 15 to 22%, but the overall amount of reactive Lys that remained 
undegraded in the rumen was optimized with these heat applications. If the soybeans 
were heated for longer periods of time at these temperatures, the amount of post-ruminal 
Lys supply decreased as more Lys was damaged from the heat. Again, the results of this 
study emphasize the need for carefully controlled processing conditions when feeds are 
heated to alter the RDP and RUP concentrations so that RUP-Lys supply is optimized. 
Monitoring processing conditions of drying wet feeds is also important. The 
amount of DDGS fed to ruminants is increasing, and the vast majority of DDGS fed in 
the U.S. is the resultant by-product of the production of fuel ethanol from corn. The AA 
profile of corn is not desirable for ruminants, as corn protein has a low content of Lys 
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(2.84% of CP; NRC, 2001); however, standard corn meal is low in protein (9.4% CP; 
NRC, 2001) and most of that protein is degraded in the rumen and converted to microbial 
protein, which has an improved AA profile. Dried distillers' grains with solubles has a 
higher CP concentration than corn (29.7%; NRC, 2001) because the starch is removed 
from corn in the process of making ethanol, which results in an increase of all other 
nutrient concentrations, including CP. Also, more of the protein in DDGS remains 
undegraded in the rumen and arrives at the small intestine intact (NRC, 2001). This can 
negatively impact the AA profile of MP if other feedstuffs that are high in RUP-Lys are 
not included in the diet. These effects are further confounded by the fact that RUP 
digestibility of DDGS is about 15 percentage units lower than corn meal across all studies 
reported in Tables 1 and 2, and reported RUP-Lys digestibility values for corn distillers' 
grains samples are lower than the other AA. Therefore, the inferior AA profile of MP 
that results when feeding DDGS can be further exasperated by the decrease in 
digestibility of RUP and RUP-Lys. Decreases in milk protein concentrations have been 
reported when DDGS replaced corn meal and SBM in the diet of lactating cows 
(Kleinschmit et al., 2006) and when DDGS replaced wet distillers' grains with solubles 
(Anderson et al., 2006). Therefore, monitoring the drying temperature of distillers' 
grains so that minimal Lys damage results is critical to the successful feeding of 
distillers' grains to lactating dairy cows. 
In Vitro Methods for Estimating AA Digestibility 
To routinely monitor processing conditions and to routinely analyze feeds for 
RUP and RUP-AA digestibility, in vitro methods that estimate digestibility of total 
protein and all AA in a wide variety of feedstuffs are needed. The use of such techniques 
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will be beneficial to monitor heat processing conditions irrespective of the particular 
reaction that results in damage to the protein and AA in feeds and to routinely analyze all 
feeds for RUP and RUP-AA digestibility. The latter use would allow for more accurate 
ration formulation. The in vitro techniques that were detailed in the section entitled 'Heat 
Processing And In Vitro Methods' are only beneficial for estimating digestible Lys 
content and/or can only be used to monitor heat damage that results from a particular 
reaction. Additional in vitro techniques that can be used to estimate digestibility of total 
protein and all AA are discussed below. These methods include: a multienzyme 
technique (Hsu et al., 1977), a pronase assay (Taverner and Farrell, 1981), the 
immobilized digestive enzyme assay (IDEA; Porter et al., 1984), and pepsin and 
pancreatin digestion procedures (Calsamiglia and Stern, 1995; Gargallo et al., 2006). 
Multienzyme Technique 
Hsu et al. (1977) evaluated the use of the multienzyme technique to estimate 
protein digestibility for a wide variety of ingredients including casein, soy isolate, wheat 
flour, cottonseed meal, and nonfat dry milk as well as a variety of laboratory produced 
foods including breads, pastas, and cookies. Rat digestibility experiments were used to 
determine protein digestibility in vivo. Rats were fed experimental diets for 28 d, and 
diets were formulated to contain 9% CP. Feces were collected during the last 8 d of the 
trial, and in vivo protein digestibility was calculated: 
N in diet (g) - N in feces (g) x 100. 
N in diet (g) 
For the in vitro multienzyme in vitro technique, all samples were finely ground to pass a 
80-um screen. An aqueous protein solution containing 6.25 mg protein/mL was made for 
each test ingredient and laboratory produced food, and the pH of the solution was 
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adjusted to 8.0. Five mL of a multienzyme solution (pH 8) containing 1.6 mg trypsin, 3.1 
mg chymotrypsin, and 1.3 mg peptidase/mL were then added to the protein suspensions. 
Samples were stirred continuously at 37°C for 10 min and change in pH of the solution 
was recorded continuously for 10 min. An immediate and rapid decline in the pH of the 
solution occurred, and the authors noted that the freeing of carboxyl groups from the 
protein chain by the proteolytic enzymes caused the rapid drop in the pH of the 
suspensions. The pH of the solution after 10 min was correlated to in vivo protein 
digestibility measured in the rats, and the correlation was 0.90. Although relatively 
simple and highly correlated to in vivo apparent digestibility measurements, this 
procedure has not been widely utilized to estimate protein digestibility. Some of the 
limitations of the technique include: 1) the digestibility of individual AA cannot be 
determined, 2) the buffering capacity of the food tested can influence the pH of the 
solution which will alter the 10 min pH drop (Hsu et al., 1977), and 3) the digestibility of 
structurally stable proteins will be underestimated using this technique due to the short 
incubation period (Porter et al., 1984). Although the multienzyme technique is relatively 
simple, it does not appear to be adequate for estimating digestibility of total protein and 
individual AA in a wide variety of feedstuffs. 
Pronase Assay 
Taverner and Farrell (1981) evaluated the use of an in vitro pronase digestion 
procedure to estimate in vivo protein digestibility of wheat, sorghum, corn, barley, and 
triticale samples. For the in vitro analysis, samples were ground to pass a 1-mm screen 
and 1 g of each sample was placed into round-bottom flasks. Four mg of pronase was 
added to each flask, followed by 20 mL of 0.04 M borate buffer (pH 8.0) and 3 drops of 
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toluene. Samples were incubated in the pronase solution for 16 h in a shaking water bath 
at 27°C. At the end of the incubation, sulphosalicylic acid was added to precipitate 
undigested protein, samples were centrifuged, the soluble N content of the supernatant 
was determined. In vitro protein digestibility was calculated as the ratio of soluble N: 
total grain N. In vivo apparent ileal protein digestibility of the samples was determined 
in ileally cannulated pigs using &2O3 as an indigestible marker. In vivo estimates of 
apparent protein digestibility were highly correlated to in vitro protein digestibility 
estimates obtained using the pronase assay for the wheat samples only. Therefore, it 
appears that the pronase enzyme assay does not provide accurate estimates of in vivo 
protein digestibility across feedsruffs. Also, the procedure can only be used to estimate 
digestibility of total protein and not individual AA which further limits its application. 
Immobilized Digestive Enzyme Assay 
Porter et al. (1984) developed the IDEA to rapidly estimate protein digestibility of 
human foodstuffs. For the development of this assay, protein substrate solutions of the 
following samples: casein, pMactoglobulin, a-lactalbumin, bovine serum albumin, 
lysozyme, ovalbumin, soy isolate, and wheat gluten were made by dissolving the protein 
in HC1 (pH 2.0) to yield a protein concentration of 1 mg/mL. For the digestion of these 
protein solutions, pepsin, trypsin, chymotrypsin, and intestinal peptidases were 
immobilized to glass beads. Fourteen mL of the protein solution was continuously 
circulated via a peristaltic pump through a jacketed column containing the immobilized 
pepsin glass beads for 18 h at 37°C. After 18 h, the protein solution was collected in a 
reservoir bottle. The collected solution was again continuously circulated through a 
jacketed column containing the immobilized trypsin, chymotrypsin, and intestinal 
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peptidase glass beads for 18 h at 37°C. After 18 h, the protein solution was collected in a 
reservoir bottle, and protein digestibility of the samples was determined using the 
reaction of orthopthaldialdehyde (OPA) and 2-mercaptoethanol with a-amino groups. 
For quantification of digestion, protein solutions were reacted with an OPA-
mercaptoethanol solution before and after in vitro digestion, and absorbance of OPA of 
the initial and final samples was then determined via spectrophotometry. Absorbance of 
OPA was used to quantify the liberated a-amino groups, and digestibility was calculated 
as n/n0 where n is the average number of peptide bonds hydrolyzed and no is the total 
number of peptide bonds in that molecule. The authors did not determine the digestibility 
of the protein sources in vivo, rather they compared digestibility coefficients determined 
using the IDEA with digestibility coefficients published in the literature for these protein 
sources. The in vitro digestibility coefficients correlated well with published in vivo 
digestibility values for the proteins tested. However, a major limitation of the IDEA as it 
was originally developed is that the digestibility of only 1 protein source can be 
determined in each re-circulation set up at a time, and the procedure requires 2.5 d to 
complete. 
Schasteen et al. (2007) modified the IDEA to provide a more rapid and accurate 
prediction of protein digestibility compared to the original IDEA procedure, and 
developed an IDEA™ kit specifically designed to estimate protein digestibility of SBM 
(Novus International Inc., St. Charles, MO). The kit includes digestor tubes that contain 
glass beads with immobilized enzymes, and the proportion of the various proteolytic 
enzymes were selected to specifically yield accurate digestibility estimates of SBM 
protein. The kit employs the same basic steps of protein solubilization, protein digestion, 
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and quantification of protein digestion using OPA analysis that are used in the original 
IDEA. However, with the kits, the analysis takes only about 1 d to complete, the 
complicated re-circulation apparatus is no longer needed, and several SBM samples can 
be analyzed at a time with 1 kit. Also, at the end of the analysis using the kit, protein 
digestibility is not calculated as in the original IDEA, rather an IDEA™ value is 
calculated: 
IDEA™ value = f AWfinal) - AWinitialll 
percent protein 
where A34o(final) is the absorbance of the OPA assay of the final hydrolysate and 
A34o(initial) is the absorbance of the OPA assay of undigested solubilized sample. The 
authors then used the calculated IDEA™ value for 17 SBM samples to determine if the 
IDEA™ kits could be used to accurately estimate digestibility of individual AA in 
poultry. The relationship between the IDEA™ value of the 17 samples and in vivo 
standardized AA digestibility estimates of the same samples determined in cecectomized 
roosters was determined via linear regression. A significant linear relationship and a high 
correlation between the IDEA™ values and in vivo standardized digestibility was 
observed for all AA, and the R2 values ranged from 0.73 for Cys to 0.91 for Asp. The 
IDEA™ values were also highly correlated with in vivo standardized Lys and Met 
digestibility (R = 0.86 and 0.88, respectively). The authors then validated the predicition 
equations that resulted from the regression analysis of the IDEA™ values and in vivo 
standardized AA digestibility using a separate set of 5 SBM samples not included in the 
original analysis. The authors reported only minor differences between digestibility 
values measured in vivo and those predicted from the IDEA™ value using the established 
regression equations. The mean difference between IDEA™ predicted and in vivo AA 
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digestibility measurements for the validation samples ranged from 1.50% for Glu to 
7.24% for Cys. The mean differences for IDEA™ predicted and in vivo measured Lys 
and Met digestibility were 2.18 and 4.26%, respectively. These regression equations are 
included with the kits so that digestibility coefficients can be assigned to individual AA 
in SBM samples when analyzed in vitro. Novus International Inc. currently markets 
IDEA™ kits for SBM and other feedstuffs including DDGS and fishmeal for use in 
poultry nutrition (Novus International, 2008). Use of these kits to predict intestinal AA 
digestibility of these feedstuffs in other species needs to be evaluated as the kits may 
provide rapid, cost-effective, and routine estimates of intestinal AA digestibility. 
Pepsin-Pancreatin In Vitro Assays 
The in vitro protein digestibility assays detailed above have been applied to 
human and non-ruminant animal nutrition. To date, the only in vitro assay that has been 
frequently used to estimate intestinal digestibility of protein in ruminants is the three-step 
procedure (TSP) of Calsamiglia and Stern (1995). The three steps of the procedure 
include: 1) ruminal incubation, 2) pepsin incubation, and 3) pancreatin incubation. 
Similar procedures, without the ruminal incubation step, have been used in non-ruminant 
nutrition to estimate intestinal protein and AA digestibility (Boisen and Fernandez, 
1995). However, as the focus of this review is estimating RUP and RUP-AA 
digestibility, application of pepsin-pancreatin procedures to estimate digestibility of RUP 
and RUP-AA in ruminants is discussed. 
Calsamiglia and Stern (1995) developed the TSP to meet 4 defined criteria: 1) to 
closely simulate physiological conditions of ruminants, including potential effects of 
ruminal fermentation, 2) to be rapid, reliable, and inexpensive, 3) to be applicable to a 
51 
wide variety of protein supplements, and 4) to accurately reflect differences in protein 
digestion. The steps of the procedure have been standardized and are described. First, 
feedstuffs are ground to pass a 2-mm screen, and then 1.5 g of the feed is weighed into 
polyester bags and suspended in the rumen of a ruminally cannulated animal for 16 h. 
After this incubation period, bags are rinsed with tap water and dried at 55°C for 48 h. 
Rumen undegraded residues are pooled and a portion is analyzed for N content. Another 
portion of the rumen undegraded residues is then weighed into centrifuge tubes in 
duplicate so that each tube contains 15 mg of residual N. Ten mL of a 0.1 JVHC1 pepsin 
solution are added to each tube, and the samples are incubated in a shaking water bath at 
38°C for 1 h. After 1 h, 0.5 mL of a 1 JVNaOH solution and 13.5 mL of a pancreatin 
solution are added to each tube, and the samples are incubated in a shaking water bath at 
38°C for 24 h. Three mL of a 100% (wt/vol) TCA solution are then added immediately 
to each tube to stop enzymatic action and precipitate undigested proteins. Tubes are then 
centrifuged and the supernatant is analyzed for TCA-soluble N. Digestibility of RUP can 
then be calculated as TCA-soluble N divided by the amount of N in the rumen 
undegraded feed residue. The authors validated the use of the pancreatin in vitro 
procedure with 34 samples of freeze-dried duodenal digesta from experiments in which 
intestinal digestion was determined in vivo in duodenally and ileally cannulated ruminant 
animals. Results from the pancreatin digestion assay were highly correlated (R = 0.91, P 
< 0.001) to in vivo estimates of intestinal CP digestion. 
Since the development of the TSP, the procedure has been used in a variety of 
studies to estimate intestinal digestibility of RUP (Maiga et al., 1996; McNiven et al., 
2002; Kleinschmit et al., 2007), and RUP digestibility coefficients from the use of this 
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procedure were included in arriving at the RUP digestibility coefficients in the feed 
library of NRC (2001). Borucki-Castro et al. (2006) used the TSP to determine intestinal 
RUP-AA digestibility of various soy products by analyzing the rumen undegraded feed 
residue and the final supernatant obtained from the TSP for AA content via gas 
chromatography-mass spectroscopy. Intestinal RUP-AA digestibility coefficients 
obtained in vitro were compared with RUP-AA digestibility estimates obtained using the 
MBT in lactating cows with collection of the bags in the feces. However, the authors 
reported that there was no agreement between in vitro determined RUP-AA digestibility 
coefficients and those obtained using the MBT. The RUP-AA digestibility values 
obtained using the MBT were higher compared with the values obtained with the in vitro 
method; therefore, the authors concluded that the TSP cannot be used as a reliable 
replacement for in situ measurements of RUP-AA digestibility. However, the 
discrepancy between the in vitro and in situ RUP-AA digestibility measurements may 
have been due to the fact that the authors collected the bags from the feces. The effect of 
microbial degradation of undigested feed protein would be reflected in the RUP-AA 
digestibility coefficients obtained using the MBT but not in the in vitro RUP-AA 
digestibility estimates. To the present author's knowledge, the use of the TSP as reported 
by Borucki-Castro et al. (2006) to estimate RUP-AA digestibility has not been evaluated 
in other experiments. The procedure might be useful to predict ileal RUP-AA 
digestibility estimates; however, this needs to be validated with animal experiments. 
Gargallo et al. (2006) also modified the TSP so that digestibility of RUP-AA 
could be determined; however, with the modifications described by these authors RUP-
AA digestibility estimates can be determined via AA analysis using ion exchange 
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chromatography. Because AA analysis by ion exchange chromatography is more 
common, modifications presented by Gargallo et al. (2006) may be more applicable to 
the present feed analysis industry. In the modified TSP developed by Gargallo et al. 
(2006), the three basic steps of the original TSP remain. However, for the pepsin and 
pancreatin digestion steps, the rumen undegraded residues are incubated in the respective 
solutions in nylon bags (pore size 50um). The samples are incubated in these solutions a 
Daisy11 incubator (Ankom Technology, Macedon, NY) at 38°C for 1 h in the pepsin 
solution and 24 h in the pancreatin solution. A final undegraded, undigested residue can 
be collected at the end of the pancreatin incubation and analyzed for A A and CP content. 
Therefore, TCA is no longer needed. Digestibility of RUP-AA can be calculated based 
on AA disappearance from the bags. Although the authors reported a high correlation 
between RUP digestibility estimates obtained using the original and modified TSP (R = 
0.84, P < 0.001), they did not validate the technique to estimate RUP-AA digestibility 
with in vivo data. Similar to the discussion above regarding the MBT, the assumption 
that what disappears from the bag is equal to what would be absorbed by the animal may 
not always be accurate. However, if validated with in vivo data, the modified TSP can 
potentially be used to estimate digestibility of total RUP and RUP-AA on a routine basis 
for a wide variety of feedstuffs because the procedure is not specific for a particular AA 
or a particular feed type. Also, with adequate in vivo RUP-AA digestibility 
measurements, correction factors could be determined that would adjust for observed 
differences between AA disappearance from the bags in vitro and AA absorption in vivo. 
Further evaluation of the modified TSP to estimate RUP-AA digestibility is warranted. 
Summary 
54 
An in vitro method to estimate RUP and RUP-AA digestibility that is rapid, cost-
effective, and reliable is needed. Ideally, this method will allow for the evaluation of a 
wide variety of feedstuffs and for the determination of RUP-AA digestibility, not just 
RUP digestibility. Of the methods detailed above, it appears that the IDEA and modified 
TSP of Gargallo et al. (2005) are the most promising techniques. The benefit of the use 
of the IDEA kits supplied by Novus International, Inc. to estimate RUP-AA digestibility 
is that only the rumen undegraded residue needs to be analyzed for AA content because 
the IDEA value is used to predict the digestibility coefficient for each AA. Using the 
modified TSP, rumen undegraded residue and in vitro undigested residue need to be 
analyzed for AA content which increases the time needed to complete the procedure and 
also may lead to increased costs. However with the IDEA™ kits, each kit is specific to a 
particular feed. Therefore, if the kits are to be used to estimate digestibility of RUP-AA, 
adequate in vivo data of standardized RUP-AA digestibility for each feed are needed to 
develop accurate and reliable prediction equations for each kit. This challenge will not 
be encountered with the modified TSP because RUP-AA digestibility is directly 
calculated with the procedure. But, if correction factors need to be determined to correct 
for differences in disappearance of AA from the bags versus intestinal AA absorption, 
adequate in vivo data for different feeds will be needed. Both the IDEA and modified 
TSP appear to have potential drawbacks and advantages; therefore, further evaluation of 
the use of the IDEA and modified TSP to estimate digestibility of RUP-AA in a wide 
variety of feedstuffs is needed. 
Model Predictions of RUP Digestibility 
55 
All of the items detailed in this review thus far are needed to understand how 
digestibility of protein and AA is determined in vivo and in vitro and to understand the 
differences in RUP and RUP-AA digestibility among and within feeds reported in the 
literature. Further research related to these items can potentially lead to advancements in 
feed analysis for RUP and RUP-AA digestibility. Currently, many nutritional models 
recognize differences in RUP digestibility among feeds (Verite and Peyraud, 1989; 
Sniffen et al., 1992; Madsen et al., 1995; NRC, 2001), but all models assume that the 
digestibility of RUP-AA within a feed is the same as total RUP. Based on swine and 
poultry models, and literature reported RUP-AA digestibility coefficients, this 
assumption is not accurate. To advance nutritional models in terms of diet formulation 
using RUP-AA digestibility coefficients, it is important to understand how these models 
currently predict RUP digestibility of feeds as each model is different. The RUP 
digestibility values described in the Cornell Net Carbohydrate and Protein System 
(CNCPS; Sniffen et al., 1992), the dairy NRC (2001), the Institut National de la 
Recherche Agronomique (INRA) system (Verite and Peyraud, 1989), and the 
Scandinavia AAT-PBV system (Madsen et al., 1995) are discussed. 
Cornell Net Carbohydrate and Protein System 
The CNCPS model uses a chemical fractionation method to describe the 
characteristics of protein in feeds (Sniffen et al., 1992). The model divides feed protein 
into 5 fractions: A, Bl, B2, B3, and C. Fraction A is soluble in borate-phosphate buffer, 
but not precipitated by TCA, and fraction Bl is soluble in borate-phosphate buffer and 
precipitated by TCA. Fraction C is the fraction of CP that is insoluble in acid detergent 
solution and therefore, represents the CP fraction associated with ADF termed acid 
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detergent insoluble CP (ADICP). Fraction B3 is soluble in acid detergent, but insoluble 
in neutral detergent solution, and therefore, represents the difference between the fraction 
of CP associated with NDF, termed neutral detergent insoluble CP (NDICP), and 
ADICP. Fraction B2 is calculated by subtracting the total of the other 4 protein fractions 
from total protein. In the CNCPS model, ruminal degradation characteristics of each of 
the 5 protein fractions are described. It is assumed that fraction A is instantaneously 
degraded in the rumen, and that fraction Bl is also rapidly degraded in the rumen though 
not as quickly as fraction A. Fraction C is assumed to be completely undegraded by 
rumen microbes, and fraction B3 is highly resistant to ruminal degradation. For the B2 
fraction, some of the protein in this fraction is assumed to be fermented in the rumen and 
some will escape ruminal degradation. The fate of the Bl, B2, and B3 fractions in terms 
of the amount of protein in each fraction that escapes ruminal degradation is calculated 
by the model based on relative rates of degradation and rates of passage. For the protein 
that escapes ruminal degradation, the model also assigns intestinal digestibility 
coefficients specific to each of the protein fractions. Intestinal digestibility coefficients 
of 100, 100, 80, and 0% are assigned to the undegraded Bl, B2, B3, and C protein 
fractions. Therefore, the model does not assign digestibility coefficients to individual 
feedstuffs, but feed differences in RUP digestibility are indirectly accounted for based on 
the differences in the proportions of Bl, B2, B3, and C in feed protein. For example, if 
feeds contain higher proportions of fraction C, the intestinal absorption of dietary protein 




The current NRC (2001) model for the Nutrient Requirements of Dairy Cattle 
employs a different approach for estimating RUP digestibility. The NRC (2001) model 
does not use the chemical fractionation method used in the CNCPS. In contrast, ruminal 
degradation characteristics of individual feeds were determined using in situ determined 
rates of ruminal protein degradation reported in the literature. Use of the in situ approach 
categorizes feed protein into 3 fractions A, B, and C. Again, A is assumed to be 
completely degraded in the rumen and represents NPN and soluble true protein. Fraction 
C is also assumed to be completely undegraded by rumen microbes and passes to the 
small intestine intact. Also, the fate of fraction B is determined based on relative rates of 
degradation determined in situ and rate of passage. The model then calculates the 
contribution of each feed in the diet to total dietary RDP and RUP. Once the amount of 
RUP from each feed is determined, digestibility of the RUP is calculated using RUP 
digestibility coefficients assigned to each feed that contributes to total RUP. These RUP 
digestibility coefficients were determined based on a summary of 54 studies that reported 
RUP digestibility for individual feed ingredients. The MBT was used in 48 of the studies 
and the TSP of Calsamiglia and Stern (1995) was used in 6 studies. The mean RUP 
digestibility values reported for each feed were calculated and rounded to the nearest 5 
percentage units to emphasize the lack of precision in arriving at mean values. However, 
for some feeds, there was little or no data reported in the literature regarding RUP 
digestibility, so in these instances, RUP digestibility values reported in the INRA system 
(Verite and Peyraud, 1989) were used. The RUP digestibility coefficients in the NRC 
(2001) feed library range from 50% for cottonseed hulls and canola seeds to 95% for 
skim milk powder. 
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Scandinavian AAT-PBV Protein Evaluation System 
The Scandinavian AAT-PBV system uses a completely different approach for 
predicting RUP digestibility of the diet. In this model, it is assumed that feeds contain a 
constant protein fraction that is neither degradable in the rumen nor digestible in the 
small intestine (Madsen et al., 1995). This assumption was validated for a number of 
feedstuffs using the in situ approach to estimate ruminal degradation and the MBT to 
estimate intestinal digestion (Hvelplund et al., 1992). Therefore, in the AAT-PBV 
system, the indigestible N fraction of intact feeds experimentally determined using the 
MBT are summarized and utilized in the calculation of RUP digestibility. True 
digestibility (TD) of RUP in each feed is calculated according to the following equation: 
TD - (UDN - TU)/UDN 
where UDN is ruminally undegraded N determined in situ and TU is the truly indigestible 
fraction of the feed. In the previous version of this model (Hvelplund and Madsen, 
1990), it was assumed that the digestibility of RUP was a constant 82% across feedstuffs. 
However, with the new equation, true digestibility coefficients for feedstuffs range from 
65% for ryegrass and peas to 94% for soybean meal. 
INRA Recommended Allowances 
The French INRA system (Verite and Peyraud, 1989) uses an approach similar to 
the AAT-PBV system to account for differences in RUP digestibility. The RUP 
digestibility values are also calculated based on ruminally undegraded N (UDN) 
predicted by the model and truly indigestibile dietary protein (IDN). However, in the 
INRA system, the IDN value is calculated according to the following equation: 
IDN = Fecal N - (4.62 x FOM) - (9.6 x NDOM) 
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where FOM is fermentable organic matter and NDOM is non digestible organic matter. 
Based on the assumption that feeds contain a constant protein fraction that is neither 
degradable in the rumen nor digestible in the small intestine, the calculated IDN value 
and the predicted UDN value are used to calculate true digestibility of RUP (dsi): 
dsi = (UDN-IDN)/UDN. 
The reported dsi values for feeds in the INRA model range from 25% for dried grape 
pulp to 95% for several feeds including oats and wheat. 
Summary 
Each model described above accounts for differences in RUP digestibility among 
feeds which represents a significant advancement in ruminant nutrition models. 
However, it is important to note that RUP digestibility coefficients are not static within a 
feed type. For example, as stated, the RUP digestibility coefficients in the NRC (2001) 
model are the average of literature reported values. However, the standard deviation of 
the mean (SD) for some feedstuffs was quite large when the data was summarized 
(Schwab, personal communication). For example, the SD for the average RUP 
digestibility coefficient reported in the model for grass silage was 22.5, and the SD for 
the RUP digestibility coefficient reported for canola meal was 10.6. Therefore, if 
nutritionists rely on the model default values for RUP digestibility, MP supply can be 
over or underestimated by the NRC (2001) model. 
In addition, although differences in RUP-AA digestibility within feeds have been 
reported, none of the above models recognize these differences (Table 1). Therefore, the 
development of nutritional models that account for differences in RUP-AA digestibility 
within feeds will represent another significant advancement in ruminant nutrition, 
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allowing industry professionals to more precisely match AA supply to AA requirements, 
and potentially decreasing environmental N contamination from dairy farms and 
improving herd profitability. Adequate data regarding RUP-AA digestibility for a variety 
of feedstuffs will be needed for the development of such models. 
Conclusion 
Digestibility of RUP-AA varies within feedstuffs; however, currently nutritional 
models do not recognize these differences. This is primarily due to lack of adequate data 
regarding RUP-AA digestibility coefficients reported in the literature. Most commonly, 
RUP and RUP-AA digestibility have been estimated in ruminants using the MBT, as this 
method is more convenient and cost-effective than obtaining these estimates in vivo. 
However, there are limitations regarding the use of the MBT to accurately estimate RUP 
and RUP-AA digestibility. Because there is no standardized protocol for the MBT, 
differences in RUP and RUP-AA digestibility estimates reported in the literature across 
experiments may be due to experimental approach and not necessarily reflect true 
differences between samples. In addition, because the MBT is difficult, time consuming, 
and inaccurate, alternative in vivo models for estimating RUP and RUP-AA digestibility 
need to be considered. The precision-fed cecectomized rooster assay may be the most 
appropriate animal model to evaluate differences in standardized RUP-AA digestibility 
within and among feedstuffs, as this procedure is relatively simple and the use of the 
procedure has been validated. However, the use of in vivo models should only be 
necessary until an appropriate in vitro technique to estimate RUP and RUP-AA 
digestibility in a variety of feedstuffs is identified. In vitro procedures that are used to 
predict RUP and RUP-AA digestibility should be simple, cost effective, reliable, and 
61 
applicable to a variety of feeds. Because accurate in vitro estimates of Lys digestibility 
are particularly important due to the fact that Lys is highly susceptible to heat damage 
and is often a limiting AA for ruminant production, further investigation of in vitro 
techniques that specifically focus on estimating reactive Lys content in the RUP fraction 
of feeds is also warranted. Identification of valid in vitro procedures that estimate RUP 
and RUP-AA digestibility and the use of such techniques to routinely evaluate feeds for 
these parameters will aid in the advancement of nutritional models so that diets can be 
formulated based on digestible RUP-AA content. This will allow for more precise ration 
formulation to meet the AA requirements of ruminant animals which can positively 
impact herd profitability and enhance environmental stewardship. 
62 











Figure 2. General scheme of the products formed during the Maillard reaction (adapted 
from Silvan et al., 2006) 
INITIAL STAGE (COLORLESS COMPOUNDS 
REDUCING SUGAR + AMINO COMPOUND ^ SCHIFF BASE - • AMADORI 




• Lysine dimers 
• Arginine-lysine crosslinking 
• Pentosidine 
• Imidazolinone 
Other amino acid derivatives: 
• Argpyrimidine 
• Oxalic acid monolysinylamide 
• propylimidazolinone-ornithine 
• Petide-bound pyrazinones 
• Lysine aminoreductone 
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DIGESTIBILITY AND INDIGESTIBILITY OF AMINO ACIDS IN RUMEN 
UNDEGRADED PROTEIN AND INTACT FEED PROTEIN DETERMINED 
USING THE PRECISION-FED CECECTOMIZED ROOSTER ASSAY 
Abstract 
Three soybean meal (SBM), 3 SoyPlus® (SP), 5 dried distillers' grains with 
solubles (DDGS), and 5 fishmeal (FM) samples were obtained from FeedAC, Inc. 
(Homer, NY) to expand the database on digestibility of RUP-AA for protein supplements 
commonly fed to lactating dairy cows and to determine if these feeds contain a constant 
protein fraction that is both undegradable in the rumen and indigestible in the small 
intestine as assumed in the French INRA (1989) and Scandinavian AAT-PBV (1995) 
models. Samples were analyzed for AA and ruminally incubated in situ for 16 h in 4 
lactating cows. After incubation, bags were rinsed, washed in a methylcellulose solution, 
rinsed again, and lyophilized. Rumen undegraded residues (RUR) were pooled by 
sample, analyzed for AA, and ruminal AA disappearance was calculated. Sub-samples of 
the intact feeds and RUR were crop-intubated to 4 cecectomized roosters each, and total 
excreta were collected for 48 h and analyzed for AA. Basal endogenous AA loss 
estimates were obtained from fasted birds and were used to calculate standardized RUP-
AA digestibility and digestibility of AA in the intact feed. Indigestibility coefficients of 
the intact feeds were calculated as 100 - % standardized AA digestibility and 
indigestibility of the RUR was calculated-as (100 - % ruminal degradation of AA)*((100 
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- % standardized RUP-AA digestibility))/100. The mixed procedure of SAS was used for 
statistical analysis of the data. Results indicate that standardized digestibility of AA 
differs from RUP-AA and digestibility of AA and RUP-AA differs within samples. 
Standardized AA and RUP-AA digestibility coefficients were most often lowest for Lys, 
His, Cys, and Pro and highest for Tip, Leu, and Met. Results also indicate that SBM, SP, 
DDGS, and most FM samples do not contain a constant protein fraction that is both 
undegradable in the rumen and indigestible in the small intestine. Indigestibility 
coefficients of ruminally incubated samples were lower than intact feeds, suggesting that 
these feeds contain a protein fraction that is indigestible in the intestine but partly 
degradable in the rumen and/or digestible in the intestine after rumen incubation. 
(Keywords: Amino acid digestibility, rumen undegraded protein, AAT/PBV System) 
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Introduction 
Some nutritional models recognize that intestinal digestibility of RUP varies 
among and within feedstuffs (Verite and Peyraud, 1989; Sniffen et al., 1992; Madsen et 
al., 1995; NRC, 2001). However, the approach used to calculate RUP digestibility in 
these models differs. In the Institut National de la Recherche Agronomique (INRA) 
model described by Verite and Peyraud (1989) and the Scandinavia AAT-PBV model 
described by Madsen et al. (1995), it is assumed that feedstuffs contain a constant protein 
fraction that is totally indigestible in the small intestine and also completely undegradable 
in the rumen. Using this approach, digestibility of RUP is adjusted for changes in 
ruminal degradability of feed N. In both models, true digestibility of RUP is calculated 
according to the following equation: 
TD = (UDN - TU) / UDN 
where TD = true digestibility of UDN, UDN = ruminally undegraded dietary N, and TU 
= true indigestible N in the intact feed. However, the 2 models differ in the approach 
used to arrive at TU values. In the system described by Madsen et al. (1995), TU values 
are average values of intestinal indigestibility of intact feed protein measured using the 
mobile bag technique (MBT). In the system described by Verite and Peyraud (1989), TU 
values are calculated for each major class of feedstuff according to the following 
equation: 
TU = Fecal N - 4.62 x fermentable OM - 9.6 x non digestible OM. 
In the dairy NRC (2001), RUP digestibility coefficients are assigned to each feedstuff. 
These coefficients are the approximate mean values reported in the literature using the 
MBT and the three-step procedure of Calsamiglia and Stern (1995) or for feeds with 
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limited or no data, the values reported by Verite and Peyraud (1989) were adopted. In the 
Cornell Net Carbohydrate and Protein System model (CNCPS) intestinal RUP 
digestibility coefficients are assigned to the different protein fractions predicted by the 
model, not individual feedstuffs (Sniffen et al., 1992). These digestibility coefficients are 
100, 100, 80, and 0% for the Bl, B2, B3, and C protein fractions, respectively. Using 
this approach, the RUP digestibility predicted by the model for a particular feed will vary 
based on the proportion of each of the protein fractions. 
In all of the above mentioned models, variation in RUP digestibility of feeds is 
accounted for, but the digestibility of individual amino acids (AA) in RUP (RUP-AA) is 
assumed to be the same as the digestibility of total RUP. However, digestibility of 
individual AA in the intact feed protein and the RUP fraction varies within a feed 
(Mupeta et al., 1997; Batal and Parsons, 2002; Prestlokken and Rise, 2003; Stein et al., 
2006). However, there is insufficient data currently reported in the literature regarding 
digestibility of RUP-AA for individual feedstuffs to incorporate RUP-AA digestibility 
coefficients into nutritional models. Therefore, more data are needed to capture the 
variation in intestinal digestibility of RUP-AA within and among feeds. 
To estimate intestinal digestibility of RUP and RUP-AA in individual feeds in 
ruminants, the MBT has been the most common procedure used (NRC, 2001). However, 
in the vast majority of studies, bags were collected from the feces due to the difficulty in 
maintaining ileally cannulated ruminants (Harmon and Richards, 1997; see Chapter II, 
Tables 1 and 2). Fecal collection of the bags can lead to inaccurate digestibility estimates 
due to microbial degradation and contamination of undigested protein in the large 
intestine (Prestlokken and Rise, 2003; Cone et al., 2006). In addition, the MBT is a 
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costly, time consuming procedure, and currently there is no standardized protocol. The 
precision-fed cecectomized rooster assay may be a viable approach for estimating small 
intestinal RUP-AA digestibility (Titgemeyer et al., 1990). Titgemeyer et al. (1990) 
observed a high correlation between estimates of intestinal RUP-AA digestibility made in 
steers fitted with duodenal and ileal cannulas and estimates from cecectomized roosters in 
which birds were crop intubated with the duodenal digesta collected from the steers. 
Griffin et al. (1993) and Aldrich et al. (1997) utilized the precision-fed cecectomized 
rooster assay to estimate digestibility of RUP-AA in soybeans. These authors first 
ruminally incubated the soybeans in situ and then crop-intubated the rumen undegraded 
residues (RUR) to cecectomized roosters to estimate RUP-AA digestibility of the 
individual feeds. 
Increasing the database reported in the literature regarding RUP-AA digestibility 
and indigestibility can potentially lead to advancements in the current ruminant nutrition 
models described above to better predict AA supply. These estimates are especially 
critical for predicting RUP-Lys supply from feeds that have been heat processed. 
Therefore, the objectives of this study were: 1) to expand the database on digestibility 
and indigestibility of RUP-AA in soybean meal (SBM), SoyPlus® (SP), dried distillers 
grains with solubles (DDGS), and fishmeal (FM) using the precision-fed cecectomized 
rooster assay, 2) to determine if these feedstuffs do indeed contain a constant protein 
fraction that is both undegradable in the rumen and indigestible in the small intestine as 
assumed in the AAT-PBV and INRA systems, and 3) to assess the effects of heat damage 
on digestibility of RUP-Lys and other RUP-AA. 
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Materials and Methods 
Feed samples 
Two kilograms each of 3 SBM, 3 SP (West Central, Ralston, IA), 5 DDGS, and 5 
FM [1 Anchovy (ANVY), 1 Catfish (CFSH), 2 Menhaden (MNHN), and 1 Pollcok 
(PLCK)] samples were obtained from the Feed Analysis Consortium, Inc. Each sample 
was then ground to pass a 2-mm screen using a Wiley mill (Thomas Scientific, 
Swedesboro, NJ). To assess the effects of heat on intestinal digestibility of RUP and 
RUP-AA, 1 SBM and 1 SP sample were heated in a forced hot air oven (VWR Scientific, 
West Chester, PA) at 150°C for 90 min. This temperature and length of heating were 
chosen based on the results of a study conducted by Faldet et al. (1992) in which growth 
of rats decreased when fed soybeans were heated at 150°C for 90 minutes. One of the 
DDGS samples was heated at 140°C for 60 minutes to depress RUP and RUP-AA 
digestibility. The FM samples were not heated so that we could measure the variation 
among FM types. 
Ruminal incubation 
Procedures for the ruminal cannulation surgery and experimental protocol were 
approved by the Institutional Animal Care and Use Committee at the University of New 
Hampshire. To ensure that adequate RUR was generated for use in the precision-fed 
cecectomized rooster assay presented here and for use in other experiments, 8 g of 
sample (ground 2-mm) were weighed into 150 polyester bags each with a mean pore size 
of 50 jam and dimensions of 10 x 20 cm (Ankom Technologies, Macedon, NY). Bags 
were tied with plastic fastening ties 2 cm below the top of the bag, soaked in 39°C water 
for 15 min, and placed inside of 4 mesh laundry bags (46 x 56 cm; Whitney Design, Inc., 
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St. Louis, MO) for ruminal incubation. The mesh laundry bags were filled with 38 
polyester in situ bags of 2 different samples so that 76 bags were in each laundry bag 
during each incubation. Nine metal washers (d. = 4.3 cm; total weight = 115 g) were 
tied inside of each mesh laundry bag, and a 60-cm string was tied to one end of the bag. 
The mesh laundry bags were inserted into the rumen of 4 ruminally cannulated lactating 
cows averaging (mean + SD) 48 + 4 DIM, fed a 55% forage, 45% concentrate diet. 
Samples were ruminally incubated for 16 h. After 16 h, bags were removed from 
the rumen and submerged in cold water within 5 min. The nylon bags were removed 
from the laundry bags and processed according to the procedure of Gargallo et al. (2006), 
with some modifications. The bags were rinsed for 5 min 3 times in an automatic 
washing machine with a final spin and then suspended in a 0.1% methylcellulose (M-
0262, Sigma, St. Louis, MO) solution and shaken in a water bath (50 rpm; Precision 
Scientific, Chicago, IL) at 37°C for 30 min to help in detachment of particle-associated 
bacteria. Bags were then rinsed again for 5 min 3 times in an automatic washing 
machine, followed by a final spin. However, the bags were lyophilized (Labconco, 
Kansas City, MO) for 48 h instead of oven dried to ensure that additional heat damage 
was not imposed on the residual feed inside of the bags. Once lyophilized, residues were 
composited by sample, weighed, and ground to pass a 1-mm screen for the precision-fed 
cecectomized rooster assay (Aldrich et al., 1997). 
Precision-fed cecectomized rooster assay 
Procedures for the cecectomy of roosters and experimental protocol were 
approved by the Institutional Animal Care and Use Committee at the University Of 
Illinois. The cecectomized rooster digestibility assay used in this experiment was 
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described by Parsons (1985) and Aldrich et al. (1997). Thirty g of the intact feed samples 
were ground to pass a 1 -mm screen and crop-intubated to 4 Single Comb White Leghorn 
cecectomized roosters per sample in 2 experiments. The ground RUR were also crop 
intubated to the cecectomized roosters in 2 experiments; however, 30 g of the RUR 
samples could not be intubated to the roosters due to the bulkiness of the samples. For 
the RUR samples, the amount of sample intubated was adjusted to the maximum amount 
that could be comfortably intubated which was (average + SD) 23.7 + 1.4, 23.6 + 1.3, 
21.2 ± 1.7, and 30.0 ± 0.03 g for the SP, SBM, DDGS, and FM samples, respectively. 
The 4 experiments were conducted beginning June 2006 through January 2008. In each 
experiment, feed was withheld from the roosters for 24 h prior to and for 48 h after 
intubation of the samples. Birds had access to water at all times. Roosters were housed 
individually in wire mesh cages fitted with excreta collection trays. Total excreta were 
collected for 48 h and lyophilized. Basal endogenous AA excretion was previously 
determined by 48-h collection of excreta from fasted birds. The basal endogenous AA 
loss values were used to calculate standardized AA and RUP-AA digestibility. 
Standardized digestibility is defined as digestibility estimates calculated by subtracting 
only basal endogenous AA losses from the outflow of AA (Stein et al., 2007). 
Chemical Analysis 
A portion of the RUR, feed, and excreta were ground to pass a 40-um screen 
(Arthur H. Thomas Co., Philadelphia, PA) for AA analysis via cation-exchange 
chromatography (cIEC-HPLC) coupled with post-column ninhydrin derivatization and 
quantitation (Experimental Station Chemical Laboratories, University of Missouri-
Columbia, Columbia, MO). Intact feeds and RUR were also analyzed for DM, NDF, 
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ADF, neutral detergent insoluble CP (NDICP), acid detergent insoluble CP (ADICP), CP, 
fat, NSC, starch, ash, and minerals (Tables 1 and 2) using wet chemistry (Dairy One DHI 
Forage Testing Laboratory, Ithaca, NY). 
Calculations and Statistical Analysis 
Ruminal disappearance of AA after 16 h in situ ruminal incubation was calculated 
for each AA as: 
Ruminal disappearance, % = [(AA in feed - AA in RUR)/AA in feed] x 100. 
Standardized AA digestibility was calculated for the intact feeds and RUR was calculated 
as follows: 
Standardized digestibility, % = [(AA in - (AA out + basal endogenous AA))/AA 
in] x 100. 
Indigestibility of the intact feed samples was calculated as follows: 
Indigestibility = 100 - standardized digestibility, %. 
Indigestibility of AA in the ruminally incubated feeds was calculated according to the 
equation of Prestlokken and Rise (2003): 
Indigestibility = [(100 - 16 h ruminal AA disappearance)*(100 - standardized 
RUP-AA digestibility)]/100. 
Data were analyzed by feed type (soy product, DDGS, or FM) as a completely 
randomized design according to the following model: 
Yijid = \i + Fj + Rij + FRij + Pk + c(F)ijld + Eijk 
where Yyki = the dependent variable, n = overall mean, F; = the fixed effect of the ith feed 
sample i - 1,...6 or i =1,...5, R,j = the fixed effect of ruminal incubation of the ith feed 
sample, j = 0,1, FRy = is the fixed effect of the interaction between the ith feed sample 
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and the jth level of ruminal incubation, Pk = the random effect of the kth experiment, k = 
1,...4, c(F)ijki = the random effect of the 1th rooster with the ith feed sample, the jth level 
of ruminal incubation, and the kth experiment, 1 = 1,...48 or 1 = 1,...40 and Eyki = the 
random residual ~ N (0, a2). The mixed procedure of SAS (SAS Institute, 2001) was 
used to solve the above model for each feed type. Tukey's Studentized range test was 
used to compare least square means among samples. Results are expressed as least 
squares means with the lowest standard error. Significance was declared at P < 0.05 and 
tendencies are reported at 0.05 < P < 0.10. The REG procedure of SAS (SAS Institute, 
2001) was used to examine the relationship between the A A digestibility in feed protein 
and RUP, the digestibility of individual AA and total AA in feed protein and RUP, and 
the digestibility of AA and the profile (% of total) of AA in feed protein and RUP. To 
determine the similarity of digestibility of RUP-AA within samples, Euclidean distances 
were computed. 
Results and Discussion 
Standardized digestibility estimates obtained for the RUR represent RUP-AA 
digestibility values, and standardized digestibility estimates obtained for the intact feeds 
represent feed A A digestibility values. Therefore, throughout the results and discussion, 
RUP-AA digestibility will refer to digestibility estimates of the RUR and AA digestibility 
will refer to digestibility estimates of the intact feeds. 
Soybean Meal and SoyPlus® 
Chemical Composition of Feeds and RUR. The chemical compositions of the 
intact feed and RUR of SP and SBM samples are presented in Table 1. The 
concentration of CP, ADF, NDF, lignin, ADICP, and NDICP increased in the RUR 
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compared to the intact samples, while the concentration of fat, NFC, and ash decreased in 
the RUR compared with the intact samples. Similar results have been reported in the 
literature (Frydrych et al., 1992; Susmel et al., 1994; Vanhatalo and Ketoja, 1995) 
Frydrych et al. (1992) reported that the N concentration in the 16 h RUR of SBM was 
greater than the intact feed, but the authors did not report changes in the composition of 
other components. Vanhatalo and Ketoja (1995) reported the concentration of CP, ADF, 
NDF, and NDF-N was greater in the 12 h RUR of SBM, and Susmel et al. (1994) 
reported an increase in CP and crude fiber and a decrease in ash and lipids in the 14 h 
RUR of SBM. The decrease in the NFC concentration in the RUR of SBM and SP 
observed in the present experiment was expected as NFC are degraded at a faster rate 
than fiber components (NRC, 2001). Heat treated SP and SBM samples had greater 
concentrations of NDF, ADF, lignin, ADICP, and NDICP than the non-heated samples. 
This observation was also expected because the fiber concentration and CP concentration 
associated with fiber increases when feeds are heated (Van Soest and Mason, 1991). 
Amino Acid Profiles of Intact Feeds and RUR. The AA profiles of intact and 
RUR SP and SBM samples are presented in Table 2. The concentrations of Lys and Arg 
were lower and the concentrations of the nonessential AA (NEAA) were greater in the 
heated samples compared with unheated samples. The decrease in Lys concentration due 
to heat treatment is likely due to the Maillard reaction, which can occur when feeds are 
heated as one of the consequences of this reaction is the destruction of Lys (Maruon, 
1981; Meade etal., 2005). 
Within the heated samples, the AA profiles of the intact feed and RUR were 
similar, but within the unheated samples, the AA profiles of the intact feed and RUR 
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varied. Concentrations, expressed as a percentage of total AA, of Lys and Glu decreased 
slightly and concentrations of Met, Phe and the branch chain AA (BCAA) increased 
slightly in the RUR of the unheated SBM and SP samples (Table 2). This indicates that 
the AA profile of the RUP fraction of SBM and SP differs from the AA profile of the 
intact feed protein. O'Mara et al. (1997) also observed that the AA profile of SBM by-
pass protein was different from that of the original protein. Soybean meal was ruminally 
incubated in situ for 8 and 12 h, and Lys and Glu were more degradable and Met, Phe and 
the BCAA were more resistant to ruminal degradation compared to the other AA. 
Similar to these observations, Ceresnakova et al. (2002) reported increases in the profile 
of Phe and the BCAA in the RUR of SBM after the samples were ruminally incubated in 
situ for 16 h. Together, these results support the concept that the AA composition of 
RUP is different from that of intact feed protein. However, the extent of these 
differences is generally lowest with the most undegradable samples (O'Mara et al., 1997) 
which likely explains why there was little difference between the AA profile of the intact 
feed and RUR of the heated SBM and SP samples in the present experiment. 
Ruminal AA Digestibility. Disappearance of AA in the SP and SBM samples 
from polyester bags after a 16 h ruminal in situ incubation is presented in Table 3. These 
data were used to represent 16 h ruminal AA digestibility, which was needed to calculate 
indigestibility estimates of the ruminally incubated feeds. Because the RUR were pooled 
by sample, the data were not analyzed. 
Although not analyzed statistically, there were numerical differences in ruminal 
AA digestibility across the samples. Ruminal digestibility of total AA (TAA) was 21.1, 
13.1, 59.3, 46.5, 85.9, and 72.5% for the heated SP, heated SBM, SP1, SP2, SBM1, and 
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SBM2 samples, respectively. Heat treatments of the feeds depressed ruminal digestibility 
of AA, and ruminal digestibility of SP was less than that of the SBM samples (SP is a 
heat processed SBM product). Because heat processing is a common technique used to 
decrease the proportion of RDP in a feed (Hussein et al., 1995; Schwab, 1995), these 
results were expected. There were also differences in ruminal AA digestibility among the 
unheated SBM and SP samples. Ruminal TAA digestibility estimates of SBM reported 
in the current experiment generally agree with reported values; however, ruminal TAA 
and CP digestibility estimates reported in the literature vary considerably (Griffin et al., 
1993; Erasmus et al., 1994; Presttekken and Rise, 2003; Borucki-Castro et al., 2007). 
Prestlokken and Rise (2003) reported that 16 h ruminal digestibility of TAA in SBM was 
73.4%, and Borucki-Castro et al. (2007) reported that 16 h ruminal CP digestibility of 
SBM was 70.2%. Sixteen h ruminal CP digestibility estimates of SBM reported in the 
literature are 46.2 (Erasmus et al., 1994), 57.2 (Griffin et al., 1993), 70.2 (Borucki-Castro 
et al. 2007), and 73.4% (Prestlekken and Rise, 2003). Borucki-Castro et al. (2007) also 
reported that 16 h ruminal CP digestibility of SP was 37.8% which is numerically lower 
than the estimates reported in the present study. Some of the differences in reported 
estimates of 16 h ruminal digestibility of CP and TAA in SBM and SP are likely due to 
differences in the feeds themselves, but some of the differences may be due to handling 
of the in situ bags after ruminal incubation. The other authors that reported 16 h ruminal 
digestibility of TAA or CP did not attempt to remove particle associated bacteria from the 
undegraded feed residues remaining in the in situ bags. However, in the present 
experiment, the bags were washed in a methylcellulose solution to remove the bacteria, 
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which may explain why ruminal TAA digestibility of SBM and SP samples in the present 
experiment were higher than most literature reported estimates. 
Ruminal digestibility of individual AA also varied slightly within samples. These 
results support the changes in the AA profiles observed in the RUR of the SBM and SP 
samples. The 16 h ruminal disappearance of Met, Phe, and the BCAA were generally 
lower and the 16 h ruminal disappearance of Lys, Arg, and His were generally higher 
compared to the other AA. Prestlokken and Rise (2003) and Borucki-Castro et al. (2007) 
also reported that 16 h ruminal disappearance of Met, Phe, and the BCAA was lower and 
that ruminal disappearance of Lys, Arg, and His was higher compared with the other AA 
within SBM samples. Borucki-Castro et al. (2007) reported similar findings for SP 
samples as well. Findings presented in the present study and in other studies support the 
fact that AA within SP and SBM samples are not degraded in the rumen at the same rate. 
Standardized Digestibility of AA and RUP-AA. Standardized intestinal AA and 
RUP-AA digestibility estimates of SP and SBM samples are presented in Table 4. 
Heating the SBM and SP sample at 150°C for 90 min depressed digestibility of TAA 
compared with the unheated samples. This effect is likely due to protein cross-linking 
reactions that occur in the more advanced stages of the Maillard reaction which can 
depress digestibility of total protein (Mauron, 1990). Heating the SBM and SP sample 
particularly depressed Lys digestibility compared with the unheated samples. 
Standardized Lys digestibility values of the heated SP, heated SBM, SP1, SP2, SBM1, 
and SBM2 samples were 35.1, 58.5, 85.0, 81.9, 88.5, and 89.0%, respectively and RUP-
Lys digestibility estimates were 37.8, 55.0, 89.5, 84.9, 90.1, and 89.6%, respectively. A 
depression in Lys digestibility with heat treatment was expected because the Maillard 
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reaction not only destroys Lys but also decreases Lys digestibility and bioavailability 
(Mauron, 1990; Faldet et al., 1992). To determine bioavailability of roasted soybeans, 
Faldet et al. (1992) fed rats soybeans roasted at various temperatures for various time 
periods in combination with a basal diet in which Lys was limiting for growth and 
compared growth of rats fed the experimental diets with growth of rats fed a Lys 
adequate diet. Soybeans that were roasted at 150°C for 90 min (same heat treatment used 
in the present study) caused a depression in rat growth compared with soybeans that were 
heated at lower temperatures and/or for shorter time periods. Aldrich et al. (1997) 
measured digestibility of RUP-AA in raw and extruded soybean samples using the 
precision-fed cecectomized rooster assay. Soybeans were heated to exit temperatures of 
116, 138, and 160°C and steeped for 30 min. The soybeans were ruminally incubated in 
situ for 16 h, and the RUR were crop-intubated to cecectomized roosters. Digestibility of 
RUP-total AA and RUP-Lys did not differ among treatments, and RUP-Lys digestibility 
of the soybeans heated at 116, 138, and 160°C was 90.3, 88.1, and 90.6%, respectively. 
Although Aldrich et al. (1997) heated the soybeans at a greater temperature than used in 
the present experiment, the length of time of heat exposure was likely not long enough to 
affect Lys digestibility. This is supported by the fact that Faldet et al. (1992) did not find 
an effect of heating soybeans at 160°C for 10 or 30 min on Lys bioavailability but did 
observe a depression in Lys bioavailability when soybeans were heated for 60 min at 
160°C. Although Lys digestibility is not equivalent to Lys bioavailability, AA 
digestibility measurements are commonly used to estimate bioavailability (Stein et al., 
2007). 
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Standardized AA digestibility was similar to standardized RUP-AA digestibility 
(Table 4), and standardized AA and RUP-AA digestibility was similar between SP and 
SBM samples. Standardized AA digestibility estimates of these samples agree well with 
reference standardized AA digestibility estimates of SBM for poultry (NRC, 1994). 
RUP-total AA digestibility estimates of the soy-product samples obtained in the current 
experiment are consistent with reference RUP digestibility values (NRC, 2001). The 
RUP digestibility estimate for SBM in NRC (2001) is 93%, and the RUP-total AA 
digestibility values for SP1, SP2, SBM1, and SBM2 samples were 94.6, 92.0, 93.7, and 
94.3%, respectively. 
Because current nutritional models do not estimate RUP-AA digestibility, 
reference digestibility values for individual RUP-AA have not been published. 
Therefore, all studies that reported RUP-AA digestibility of SBM, to our knowledge, 
were summarized (Griffin et al., 1993; Masoero et al., 1994; O'Mara et al., 1997; Van 
Straalen et al., 1997; Ceresnakova et al., 2002; Prestlokken and Rise, 2003; Taghizadeh et 
al., 2005). From these studies, 11 RUP-AA digestibility estimates of SBM were 
obtained. The MBT with collection of bags from the feces was used for 8 estimates, the 
MBT with collection of bags from the ileum was used for 2 estimates, and the precision-
fed rooster assay was used for 1 estimate. Average estimates for RUP-total AA, RUP-
EAA, RUP-Lys and RUP-Met digestibility reported in these studies were (mean ± SD) 
95.7 ± 4.6, 95.8 ± 4.9, 95.5 ± 3.5 and 97.1 ± 2.8%, respectively. In the present study, 
average estimates for RUP-total AA, RUP-EAA, RUP-Lys and RUP-Met in the SP and 
SBM samples were (mean ± SD) 93.7 ± 1.0, 93.5 ± 0.8, 88.5 ± 2 . 1 , and 95.2 ± 0.3, 
respectively. Average RUP-AA digestibility estimates reported in the current experiment 
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generally fall within reported ranges but are slightly lower than average reported values. 
This discrepancy may be due to sample differences, but may also be attributed to 
differences in the techniques that were used. Fecal collection of bags when the MBT is 
used can influence digestibility estimates as microbial degradation and contamination of 
the undegraded protein can occur in the large intestine (Beckers, 1996; Vanhatalo and 
Ketoja, 1995). Therefore, small intestinal digestibility estimates are preferred to total 
intestinal tract measurements. Also, during the early stages of the Maillard reaction, 
Amadori rearrangement products form via the reaction of the e-amino group of Lys with 
the carbonyl group of reducing sugars present in feeds (Mauron, 1981; Meade et al., 
2005). Upon acid hydrolysis of the feeds during AA analysis, some of these products are 
released as Lys, but these products do not represent Lys that is available to the animal 
(Mauron, 1990). When intestinal digestibility of Lys is determined using the MBT, 
unavailable Lys products may be cleaved from the peptide chain and disappear from the 
bags, but these Lys products are not readily absorbed in the small intestine of animals. 
Therefore, the MBT may overestimate RUP-Lys digestibility compared with in vivo 
estimates. In the one study that used the precision-fed rooster assay, the RUP-Lys 
digestibility estimate of SBM was 94.0% (Griffin et al., 1993). This estimate was again 
higher than that observed in the present experiment, but slightly lower than the average 
reported value. 
Indigestibility of Intact and Ruminally Incubated Feeds. The indigestibility 
coefficients of the intact feed and ruminally incubated samples of SP and SBM are 
presented in Table 5. There was an effect of sample and luminal incubation on the 
indigestibility of all AA, and there was no sample by ruminal incubation interaction 
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observed for any AA, except Trp. However, there was no difference in indigestibility of 
AA in the intact and ruminally incubated samples for any of the samples when the 
Tukey's adjustments were used. For the unheated SP and SBM samples, indigestibility 
of AA in the ruminally incubated samples was lower compared with the intact feeds, 
suggesting that SP and SBM do not contain a constant protein fraction that is neither 
degradable in the rumen nor digestible in the small intestine as assumed in the INRA and 
AAT/PBV systems. 
Hvelplund et al. (1992), Volden and Harstad (1995), and Prestlokken and Rise 
(2003) also evaluated the indigestibility of intact and ruminally incubated SBM. 
Hvelplund et al. (1992), and Prestl0kken and Rise (2003) used the MBT with collection 
of bags from the ileum and Volden and Harstad (1995) used the MBT with collection of 
bags from the feces in dairy cows to obtain indigestibility estimates. Hvelplund et al. 
(1992) and Volden and Harstad (1995) measured indigestibility of total CP only while 
Prestlokken and Rise (2003) measured indigestibility of total and individual AA. 
Hvelplund et al. (1992) reported that increased degradability of protein in the rumen 
decreased intestinal digestibility of SBM protein, and that intestinal digestibility of the 96 
h RUR of SBM was similar to digestibility of the intact feed. This observation led the 
authors to conclude that the indigestible CP fraction of the intact protein is also 
undegradable in the rumen. In contrast, in the present experiment, intestinal RUP-AA 
digestibility was higher than intestinal AA digestibility. This may be attributed to 
increased availability of fiber bound protein after ruminal incubation (Prestlokken and 
Rise, 2003). Using the same equations used in the present experiment, Volden and 
Harstad (1995) reported that CP indigestibility of intact SBM was not different from 
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indigestibility of SBM ruminally incubated in situ for 16 h. The indigestibility 
coefficients of intact and ruminally incubated SBM were 2.2 and 2.4%, respectively. 
Because researchers collected bags from the feces to obtain intestinal digestibility 
estimates, intestinal digestibility calculated for ruminally incubated SBM may be 
underestimated due to microbial contamination of the undigested residue, yielding an 
inflated indigestibility value. Similar to the current experiment, Prestlokken and Rise 
(2003) observed that TAA indigestibility of intact SBM and SoyPass was higher than 
TAA indigestibility of ruminally incubated SBM and SoyPass. Indigestibility estimates 
reported by the authors for the intact SBM and SoyPass were 3.3 and 3.5%, respectively, 
and TAA indigestibility estimates of the ruminally incubated SBM and SoyPass were 0.7 
and 1.6%, respectivley. In the present experiment, indigestibility of TAA in intact SP1, 
SP2, SBM1 and SBM2 samples was 11.4, 12.2, 9.2 and 9.7%, respectively, and 
indigestibility of TAA in ruminally incubated samples was 2.2, 4.3, 0.9 and 0.1%, 
respectively. Indigestibility coefficients of intact SBM and SP samples in the present 
study were higher than that observed by Volden and Harstad (1995) and Prestlekken and 
Rise (2003), but indigestibility estimates of ruminally incubated SBM and SP samples 
were similar between studies. Although indigestibility estimates of intact SP and SBM 
samples are higher than what these authors reported, digestibility estimates of SBM 
concur with NRC (1994) reference AA digestibility values. However, because 
indigestibility values were lower for ruminally incubated samples compared to intact 
feeds as reported by Prestlokken and Rise (2003) and in the present experiment, it 
appears that SBM and SP contain a protein fraction that is indigestible in the small 
intestine, but partly degraded in the rumen and/or digested in the small intestine after 
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rumen incubation. Because few studies to date have tested this hypothesis, and to our 
knowledge no other studies have used the precision-fed rooster assay, more research is 
needed to clarify reported discrepancies regarding indigestibility estimates of SBM. 
Dried Distillers' Grains with Solubles 
Chemical Composition of Feeds and RUR. The chemical composition of the 
intact feed and RUR of DDGS are presented in Table 6. Similar to observations with the 
soy-products, the concentration of CP, ADF, NDF, lignin, ADICP, and NDICP was 
higher and the concentration of fat, NFC, starch, and ash was lower in the RUR compared 
to the intact feeds. One of the concerns with feeding DDGS to livestock is the variability 
of its chemical composition (Spiehs et al., 2002; Kleinschmit et al., 2007). Starch, NFC, 
NDF, and fat were generally the most variable components in the DDGS samples, and 
ranges in concentrations of these components were 4.0-7.8, 25.3-33.4, 30.8-37.9, and 
10.7-13.1%, respectively. 
Amino Acid Profiles of Intact Feeds and RUR. Amino acid profiles of intact 
feeds and RUR of DDGS samples are presented in Table 7. The AA profile varied 
among intact DDGS samples, but AA profiles of RUR were less variable. The AA 
profiles of the intact feeds and RUR also varied within samples; however, for the heated 
sample, this variation was reduced. The concentrations of Lys and EAA decreased and 
the concentrations of BCAA and NEAA increased after 16 h ruminal incubation of 
DDGS. Similarly, O'Mara et al. (1997) reported a decrease in the proportion of Lys 
when DDGS was ruminally incubated in situ for 12 h, and Kleinschmit et al. (2007) 
reported slight increases in the profile of the BCAA in DDGS after a 12 h ruminal in situ 
incubation. 
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O'Mara et al. (1997) also evaluated the AA profile of SBM (discussed 
previously), formaldehyde-treated SBM, sopralin, cottonseed meal, rapeseed meal, 
DDGS, FM, and corn gluten feed before and after a 12 h ruminal incubation. For all 
feeds evaluated, except formaldehyde-treated SBM and sopralin, the authors observed 
differences in AA profiles after ruminal incubation. However, the extent of the 
differences varied among feedstuffs and was least with the most undegradable samples. 
This observation is supported by results from the current experiment as the AA profile of 
the intact feed and the RUR of the heated DDGS and soy-product samples did not vary. 
Also, DDGS is less degradable in the rumen than SBM (NRC, 2001), and the extent of 
differences in the AA profiles before and after ruminal incubation appears to be less for 
the DDGS samples compared to the SBM samples. 
Ruminal AA Digestibility. Disappearance of AA in the DDGS samples from the 
polyester in situ bags after a 16 h ruminal incubation is presented in Table 8. Ruminal 
disappearance of TAA in the heated DDGS, DDGS1, DDGS2, DDGS3, and DDGS4 
samples was 12.6, 60.4, 41.4, 37.6, and 26.0%, respectively. Again, although not 
analyzed statistically, there are numerical differences among the samples. Ruminal 
digestibility of TAA in the DDGS samples was lower than ruminal digestibility of TAA 
in the SBM samples as expected, because the rate of ruminal degradation of DDGS is 
lower than that of SBM (NRC, 2001). 
Kleinschmit et al. (2007) observed a wide range in ruminal digestibility of 5 
DDGS samples, ranging from 53.6 to 71.7% of CP. These RUP estimates were 
determined in situ using ruminally cannulated lactating cows fed a 40% forage, 60% 
concentrate diet with DMI equal to 3.7% of BW. Kononoff et al. (2007) reported that the 
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proportion of RUP of 1 DDGS sample was 46.8 and 39.1% of CP when steers were fed a 
typical lactating dairy cow diet (60% forage, 40% concentrate) and a lactating cow diet 
formulated to contain 38% wet corn gluten feed, respectively. The DMI of the steers was 
2.1% of BW. In the dairy NRC (2001), the reported RUP content of DDGS is 50.8% of 
CP when DMI is 4% of BW and forage intake is 50% of DMI. Based on these reported 
RUP estimates for DDGS, the 16 h nominal TAA digestibility estimates of DDGS 
reported in the current experiment agree with previous estimates. 
Within DDGS samples, there was also some variation in ruminal digestibility of 
individual AA, and Lys was the most ruminally degradable of all AA in all DDGS 
samples (Table 8). Methionine and the BCAA were among the most undegradable AA in 
DDGS. To our knowledge, 16 h ruminal disappearance of AA in DDGS has not been 
reported; however, based on the observations described above for SBM, and observed 
changes in the AA profile in the RUR of DDGS, the 16 h ruminal disappearance of 
individual AA in DDGS samples in the current study seems realistic. 
Standardized Digestibility of AA and RUP-AA. Standardized intestinal 
digestibility estimates of AA and RUP-AA of DDGS are presented in Table 9. 
Standardized digestibility of AA and RUP-AA differed among the samples, and there 
was an effect of ruminal incubation on standardized digestibility of all AA. Heating the 
DDGS sample at 140°C for 60 min decreased standardized digestibility of all AA and 
RUP-AA, particularly Lys. A decrease in Lys digestibilty was expected because Lys 
readily participates in the Maillard reaction. Standardized digestibility of Trp for the 
heated DDGS sample was treated as missing data for statistical analysis because there 
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was no Trp present in the sample fed as Tip was likely destroyed during the heat 
treatment. 
Standardized Lys digestibility was the most variable among the DDGS samples. 
The Lys digestibility coefficients of the heated DDGS, DDGS1, DDGS2, DDGS3, and 
DDGS4 samples were 10.8, 57.8, 78.2, 66.9, and 56.5%, respectively. Lysine 
digestibility was also lower than TAA digestibility and was generally the least digestible 
AA within the DDGS samples. Standardized TAA digestibility estimates for heated 
DDGS, DDGS1, DDGS2, DDGS3, and DDGS4 samples were 55.0, 83.9, 87.9, 85.5, and 
83.7%, respectively. Amino acid digestibility coefficients used as reference in the 
poultry NRC (1994) for DDGS are 65, 84, 77, 63, 72, 81, 84, 89, 75, and 88% for Lys, 
Met, Cys, Arg, Thr, Val, lie, Leu, His, and Phe, respectively. This indicates that Lys 
digestibility in DDGS is generally lower than digestibility of the other AA. Martinez 
Amezcua and Parsons (2007) also reported that Lys digestibility in DDGS was 
substantially lower than the digestibility of other AA when DDGS was crop-intubated to 
cecectomized roosters. The standardized AA digestibility estimates reported by the 
authors ranged from 68% for Lys to 90% for Tyr and Phe. Similar ranges in standardized 
AA digestibility were observed across DDGS samples in the present experiment (Table 
9). 
Standardized RUP-total AA digestibility of the unheated DDGS samples ranged 
from 90 to 93%, and the NRC (2001) RUP digestibility coefficient for DDGS is 80%. 
Literature reported RUP digestibility estimates for DDGS vary considerably (Masoero et 
al., 1994; O'Mara et al., 1997; Kleinschmit et al., 2007; Kononoff et al., 2007). Masoero 
et al. (1994) reported the RUP digestibility of 2 DDGS samples was 90.4 and 68.4%. 
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O'Mara et al. (1997) reported the digestibility of RUP-total AA in DDGS was 83.9%. 
Kononoff et al. (2007) reported that RUP digestibility of DDGS was 88.7 and 83.6% 
when steers were fed 2 different diets as described above. In these 3 studies, the DDGS 
samples were ruminally incubated for 12 (O'Mara et al., 1997) or 16 h (Masoero et al., 
1994; Kononoff et al., 2007) prior to determining RUP digestibility, and intestinal 
digestibility was determined using the MBT with fecal collection of the bags. 
Kleinschmit et al. (2007) also reported RUP digestibility coefficients for several samples 
of DDGS but measured RUP digestibility using the three-step in vitro procedure of 
Calsamiglia and Stern (1995). The reported RUP digestibility values of 5 different 
DDGS samples were 61.1, 75.8, 74.5, 72.7, and 79.2%. Based on these estimates, RUP 
digestibility of DDGS can range from 60 to 90%. Estimates of RUP-TAA digestibility 
estimates for all DDGS samples reported in this experiment fit within this range. Some 
of the reported discrepancies in RUP digestibility of DDGS may be due to differences in 
experimental techniques, but this variation is also due to sample variation as processing 
methods of DDGS differ between ethanol production plants. 
Only 3 digestibility estimates of individual RUP-AA in DDGS have been 
published (Masoero et al., 1994; O'Mara et al., 1997), and for all estimates, the MBT was 
used with collection of the bags from the feces. Average reported estimates for RUP-Lys 
and -Met digestibility were (mean ± SD) 78.6 ± 4.6 and 85.2 ± 6.1%. RUP-total AA and 
RUP-EAA digestibility was not reported. In the present experiment, average RUP-Lys 
and -Met estimates for DDGS were (mean ± SD) 72.8 ± 6.1 and 93.4 ± 0.6%, 
respectively. The average RUP-Lys digestibility estimate obtained in this experiment 
was lower and RUP-Met digestibility estimate was higher than the average reported 
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values. However, RUP-AA digestibility estimates presented in this experiment fall 
within or are very close to the range of reported values. Differences in reported RUP-AA 
digestibility estimates are due to both actual differences in the feed, as well as differences 
in techniques used to obtain these estimates. More data are needed to thoroughly assess 
the variation in RUP-AA digestibility, particularly RUP-Lys digestibility, across a variety 
of DDGS samples. 
Indigestibility of Intact and Ruminally Incubated Feeds. Indigestibility 
coefficients of intact and ruminally incubated DDGS samples are presented in Table 10. 
There was an effect of sample and ruminal incubation on true indigestibility of all AA. 
For all DDGS samples, indigestibility of AA was lower for ruminally incubated samples 
compared to intact feeds. There was a sample by ruminal incubation interaction observed 
for the true indigestibility of Lys and Cys. Also, within the intact feeds and ruminally 
incubated samples, indigestibility of AA varied among samples, particularly for Lys, and 
the variation was greater among intact feed samples compared to ruminally incubated 
DDGS samples. Total AA indigestibility estimates of the intact DDGS samples were 
45.0, 16.0, 12.1, 14.5, and 16.3% and total AA indigestibility estimates of the ruminally 
incubated samples were 35.1, 3.8, 5.0, 4.5, and 6.0% for the heated DDGS, DDGS1, 
DDGS2, DDGS3, and DDGS4 samples, respectively. Total indigestible Lys in the intact 
feeds was 89.2, 42.2, 21.8, 33.1, and 43.5% and total indigestible Lys in the ruminally 
incubated feeds was 63.5, 9.5, 7.8, 10.0, and 14.8% for the heated DDGS, DDGS1, 
DDGS2, DDGS3, and DDGS4 samples, respectively. 
Indigestibility of intact and ruminally incubated DDGS has not been previously 
measured. However, in addition to SBM, Volden and Harstad (1995) measured 
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indigestibility of protein in intact and ruminally incubated samples of several other 
feedstuffs including FM, rapeseed meal, corn gluten meal, barley, oats, rapeseeds, and 
lupine seeds. Of all these feeds, the authors concluded that only SBM and FM contain a 
constant protein fraction that is neither degradable in the rumen nor digestible in the 
small intestine. Because DDGS is a by-product of corn, the indigestibility characteristics 
of DDGS are likely similar to those observed for other cereal grains. Prestlokken and 
Rise (2003) also evaluated indigestibility of individual AA for a variety of feedstuffs 
including barley, expanded barley, oats, expanded oats, rapeseed meal, and FM. They 
reported that indigestibility of ruminally incubated samples was lower than that for intact 
samples, supporting the results observed for DDGS in the present experiment. 
Fish Meal 
Chemical Composition of Feeds and RUR. The chemical composition of the 
intact feed and RUR of FM samples are presented in Table 11. The NDICP and ash 
concentrations increased, and the ADICP concentration increased only slightly in the 
RUR compared to the intact feed. The observed increase in NDICP concentration of the 
FM RUR was expected because this CP fraction is relatively resistant to ruminal 
degradation (Sniffen et al., 1992). The concentration of ash was also expected to increase 
because FM samples can contain highly undegradable bone fragments. The CP and fat 
concentrations decreased in RUR compared with intact feeds. Rooke (1985) also reported 
that the N concentration of the 24 h RUR of FM was lower compared with intact FM, and 
Susmel et al. (1994) reported that CP and fat concentrations of the 14 h RUR of FM were 
lower than intact FM. 
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Amino Acid Profiles of the Intact Feeds and RUR. The AA profiles of the intact 
feeds and RUR of the FM samples are presented in Table 12. The AA profile across FM 
type was similar except for CFSH which had a lower proportion of EAA and a higher 
proportion of NEAA than the other FM samples. Within FM sample, the profile of A A 
was similar for the intact feed and RUR. Susmel et al. (1994) and O'Mara et al. (1997) 
also reported that the AA profile of FM did not change after samples were ruminally 
incubated in situ for 14 and 12 h, respectively. However, Piepenbrink and Schingoethe 
(1998) reported that concentrations of His, Met, and Thr increased and concentrations of 
the other EAA decreased in the 12 h RUR of FM. Rooke (1985) reported that the BCAA, 
Phe, and Thr increased and the other EAA decreased in the 24 h RUR of FM. 
Differences in the reported changes in the AA profiles of ruminally incubated FM 
samples may be due to length of ruminal incubation and processing techniques used after 
bags were removed from the rumen. Piepenbrink and Schingoethe (1998) and Rooke 
(1985) washed the bags with tap water while Susmel et al. (1994), O'Mara et al. (1997), 
and the present authors washed the bags using a washing machine. It is possible that 
more microbes remain in the RUR when bags are rinsed with tap water compared with 
rinsing in a washing machine which would influence the AA profile of the RUR. An 
effort to remove particle associated bacteria from undegraded feed residues was 
attempted only in the present experiment. 
Ruminal A A Digestibility. Disappearance of AA in FM samples from the in situ 
bags after 16 h ruminal incubation is presented in Table 13. There was considerable 
variation in the 16 h AA disappearance of FM samples. Disappearance of TAA after 16 
h ruminal incubation was 41.9, 69.9, 56.9, 37.6, and 35.8% for the ANVY, CFSH, 
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MNHN1, MNHN2, and PLCK samples, respectively. There was also variation in 
disappearance of individual AA within samples. The disappearance of Met and Thr was 
generally lower and disappearance of His and Lys was generally greater than other AA. 
Taghizadeh et al. (2005) reported similar results in terms of relative ruminal digestibility 
of AA in FM. The authors reported 12 h ruminal EAA disappearance of FM ranging 
from 27% for Met to 51% for His, and disappearance of TAA was 42%, but they did not 
specify the type of FM evaluated. In the present experiment, 16 h ruminal AA 
, disappearance was measured, and similar TAA disappearance was observed for total AA 
in ANVY (42%), MNHN2 (38%), and PLCK (36%) samples compared to results 
reported by Taghizadeh et al. (2005). Ruminal disappearance of TAA in CFSH and 
MNHN1 was greater than reported estimates. In the present experiment, Met 
disappearance ranged from 36.5% for the ANVY sample to 68.8% for the CFSH sample, 
and His disappearance ranged from 38.9% for the PLCK sample to 71.4% for the CFSH 
sample, de Boer et al. (1987) reported that 12 h ruminal CP disappearance of FM was 
29.2%, which is slightly lower than the estimates reported in the current experiment and 
by Taghizadeh et al. (2005). The authors did not report the type of FM used. Some of 
the differences among studies could be due to time of incubation and procedures used in 
the ruminal incubation of the samples. Data from the present experiment and reported by 
others suggest that there are clear differences in ruminal AA disappearance among FM 
samples. The NRC (2001) recognizes differences in ruminal degradability of Anchovy 
and Menhaden FM, with Manchovy FM being more readily degraded in the rumen 
compared with Menhaden FM. In the present experiment, 16 h ruminal AA 
disappearance of MNHN2 was greater than ANVY, but 16 h ruminal AA disappearance 
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of MNHN1 was lower than ANVY, suggesting that even within FM type, variation in 
ruminal degradability exists, which is likely due to processing techniques. 
Standardized digestibility of AA and RUP-AA. Standardized intestinal 
digestibility estimates of AA and RUP-AA of FM samples are presented in Table 14. 
There was an effect of sample on standardized AA and RUP-AA digestibility for all AA, 
and there was an effect of ruminal incubation on standardized RUP-AA digestibility for 
all AA except Lys, Trp, and Asp. There was a sample by ruminal incubation interaction 
as there was little difference between standardized AA and RUP-AA digestibility of the 
ANVY, MNHN1, MNHN2 and PLCK samples, but for the CFSH sample, standardized 
RUP-AA digestibility was lower than standardized AA digestibility. Standardized 
digestibility of AA in CFSH was generally lower than the other FM samples. Within FM 
samples there was some variation in the digestibility of individual AA, and in general, 
His, Cys, and Pro were the least digestible, and Met, Trp and the BCAA were the most 
digestible. Unlike the plant protein concentrates, Lys digestibility of FM was more 
similar to digestibility of total EAA which is likely due to the lack of sugars in FM, 
which are needed for the Maillard reaction. 
Standardized AA digestibility estimates of all FM samples, except for CFSH, 
agree well with reference values for poultry (NRC, 1994). In NRC (1994) standardized 
digestibility of Lys and Met in FM is (mean ± SD) 88 ± 5 and 92 ± 3%, respectively. In 
the present experiment, standardized digestibility of Lys was 84.4, 72.4, 84.3, 85.9, and 
90.9%, and standardized Met digestibility was 92.5, 82.2, 92.0, 93.3, and 93.6% for the 
ANVY, CFSH, MNHN1, MNHN2, and PLCK samples, respectively. Estimates of RUP-
total AA digestibility of the FM samples, except CFSH, in the current experiment also 
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agree well with reference RUP digestibility values (NRC, 2001). The RUP digestibility 
coefficient for both ANVY and MNHN FM in NRC (2001) is 90%, and the RUP-total 
AA digestibility coefficients for the ANVY, CFSH, MNHN1, MNHN2, and PLCK 
samples in the current experiment were 89.0, 76.7, 88.1, 90.7, and 92.0, respectively. 
Literature reported estimates of RUP-AA digestibility of FM were summarized 
(Masoero et al., 1994; O'Mara et al., 1997; Prestlakken and Rise, 2003; Taghizadeh et 
al., 2005). Average reported estimates for RUP-total AA (n=7), RUP-total EAA (n=5), 
RUP-Lys (n=10), and RUP-Met (n=10) digestibility in FM were (mean ± SD) 95.1 ± 2.1, 
94.7 ± 2.6, 95.5 ± 3.2, and 94.6 ± 2.3, respectively. In the present study, RUP-total AA 
digestibility was 89.6, 67.4, 89.6, 85.7, and 89.9%, RUP-total EAA digestibility was 
90.0, 69.8, 90.5, 87.3, and 90.7%, RUP-Lys digestibility was 87.5, 63.2, 88.6, 84.3, and 
90.7%, and RUP-Met digestibility was 91.1, 73.0, 91.4, 88.9, and 91.2% for ANVY, 
CFSH, MNHN1, MNHN2, and PLCK, respectively. The RUP-AA digestibility 
coefficients for FM reported in the present experiment are lower than average reported 
values. However, most of the literature reported estimates were obtained using the MBT 
with collection of bags in the feces. Prestlokken and Rise (2003) reported a significant 
effect of site of bag collection on RUP-AA digestibility of FM, and fecal collection of 
bags resulted in higher RUP-AA digestibility estimates than ileal collection of bags. 
RUP-total AA digestibility of FM averaged 94% when bags were collected from the 
ileum and 97% when bags were collected from the feces. RUP-total AA digestibility 
estimates observed in the present experiment were lower than 94%, but again differences 
could be due to the differences in technique. Estimates of protein and AA digestibility 
obtained using the MBT have been reported to be higher than estimates obtained in vivo 
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in both ruminant and swine species (Varvikko and Vanhatalo, 1990; Viljoen et al., 1997). 
Nutrients that disappear from the bag are assumed to be absorbed in the small intestine 
using the MBT; however, this does not account for factors that impact nutrient absorption 
such as anti-nutritional factors or nutrient antagonism, which would result in lower 
digestibility estimates in vivo compared with the MBT. 
Indigestibility of Intact and Ruminally Incubated Feeds. Indigestibility 
coefficients of intact and ruminally incubated FM samples are presented in Table 15. 
There was an effect of sample and ruminal incubation on indigestibility of AA. A sample 
by ruminal incubation interaction was observed for indigestibility of all AA, except for 
Lys for which a trend was observed (P = 0.06). For ANVY, CFSH, and MNHN1 
samples, indigestibility of AA was generally lower for ruminally incubated samples 
compared to intact samples, but for MNHN2 and PLCK, there was little difference 
between indigestibility of AA in intact and ruminally incubated samples. Indigestibility 
of TAA for intact FM samples was 11.0, 23.3, 11.9, 9.3, and 8.0%, and for ruminally 
incubated FM samples, indigestibility of TAA was 6.1, 16.0, 4.5, 8.9, and 6.5% for 
ANVY, CFSH, MNHN1, MNHN2, and PLCK samples, respectively. 
Hvelplund et al. (1992) and Volden and Harstad (1995) reported that FM does 
contain a constant undegradable/indigestible protein fraction, but Prestlokken and Rise 
(2003) reported that FM does not contain a constant undegradable/indigestible protein 
fraction. However, none of the authors reported the type of FM that was analyzed. The 
results of the present experiment suggest that some FM samples may contain a constant 
undegradable/indigestible fraction while other samples do not. 
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Volden and Harstad (1995) reported that CP indigestibility of intact FM was 2.5% 
of total CP, and Prestlokken and Rise (2003) reported that TAA indigestibility of intact 
FM was 6.2%. These values are lower than those reported in the present experiment for 
all FM types. Standardized AA digestibility estimates of FM in the current study are 
consistent with NRC (1994) digestibility coefficients. Discrepancies between the present 
study and data reported by others are likely explained by differences in the technique 
used to estimate intestinal AA digestibility. 
For ruminally incubated FM samples, Volden and Harstad (1995) reported that 
CP indigestibility was 3.4% of total CP, and Presttekken and Rise (2003) reported that 
TAA indigestibility was 4.0%. Amino acid indigestibility values for the ruminally 
incubated MNHN1 sample agree well literature reported estimates, but for the other 
ruminally incubated FM samples, indigestibility of total AA was higher. Intestinal CP 
and AA digestibility estimates are generally higher when the MBT is used compared with 
estimates obtained in vivo, which may explain the lower indigestibility estimates reported 
by these authors. 
Regression Analysis 
Results of the regression analyses to examine the relationship between 
standardized AA and RUP-AA digestibility and the relationship between standardized 
digestibility of AA and RUP-AA and ADICP concentration are presented in Table 16. 
All SBM, SP, DDGS, and FM samples were included jointly in the regression analysis. 
There was a direct relationship between standardized digestibility of AA and RUP-AA 
for all AA. The R2 value for TAA was 0.78, and the R2 values for individual AA ranged 
from 0.46 for Tyr to 0.95 for Lys (Table 16). This relationship was examined because 
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even though standardized digestibility of AA differed from digestibility of RUP-AA, if 
RUP-AA digestibility can be predicted from AA digestibility of the intact feeds, time and 
money could be saved. The relationship between digestibility of AA and RUP-AA 
exists, but the regression equation would need to be validated before it can be used to 
predict RUP-AA digestibility from AA digestibility. 
There was an inverse relationship between the ADICP concentration of the intact 
feeds and standardized AA digestibility for all AA, and the R2 values for this relationship 
ranged from 0.56 for Arg to 0.84 for Trp (Table 16). An inverse relationship between the 
ADICP concentration of the RUR and standardized digestibility of RUP-AA was also 
observed. The R2 values ranged from 0.22 for Pro to 0.82 for Lys, but the R2 values 
between ADICP concentration and standardized RUP-AA digestibility for most AA were 
between 0.40 and 0.66 (Table 16). However, in practical feeding situations, the ADICP 
concentrations of the RUR of feeds are not known. Therefore, the relationship between 
the ADICP concentration of the feed and standardized RUP-AA digestibility was also 
examined, and an inverse relationship between the ADICP concentrations of the feeds 
and standardized RUP-AA digestibility for all AA was observed. The R2 values 
generally ranged from 0.40 and 0.70, except for RUP-Lys where the R value was 0.84 
(Table 16). An inverse relationship between ADICP and intestinal CP digestibility is 
well documented (Van Soest and Mason, 1991), and in the CNCPS model, it is assumed 
that ADICP is completely indigestible in the small intestine. In the present experiment, 
the inverse relationship between ADICP concentration and digestibility was more highly 
correlated for some AA compared with others. The correlation coefficient between Lys 
digestibility and ADICP was generally highest. This relationship is not surprising 
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because the concentration of ADICP increases when feeds are heated (Van Soest and 
Mason, 1991), and heat treatment depresses Lys digestibility to a greater extent compared 
with digestibility of other AA. 
Although ADICP is sometimes used as an indicator of protein quality, low R 
values between ADICP concentration and digestibility of most AA, including TAA, 
suggests that not all the variation in intestinal digestibility within and among samples is 
explained by differences in ADICP concentrations. In addition, Hussein et al. (1995) 
reported that as the ADICP concentration of soybeans increased due to heat application, 
intestinal digestibility of ADICP also increased, suggesting that ADICP is not completely 
indigestible in the small intestine as assumed in the CNCPS model. This observation 
may help explain why the R2 values between AA digestibility and ADICP were not 
higher. 
Euclidean Distance Analysis 
Euclidean distances between digestibility of individual AA in RUP and RUP-total 
AA in samples of SBM, SP, DDGS, and FM are reported in Table 17. For the soy 
product samples, among RUP-EAA, Lys and Trp were the farthest away from RUP-total 
AA, and He, Thr, and Val were the closest. For the DDGS samples, Lys and Trp were 
again the farthest away from RUP-total AA, and Phe, Arg, and He were the closest. For 
the FM samples, His and Trp were the farthest away from RUP-total AA, and Phe, Lys, 
and Arg were the closest. The fact that Lys was the farthest away from digestibility of 
RUP-total AA is logical in the plant protein sources since digestibility of Lys can be 
depressed in the presence of sugar and heat due to the Maillard reaction. However, for 
FM, there is little sugar present, so Lys digestibility was more similar to digestibility of 
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RUP-total AA. For all samples, digestibility of Tip was far away from digestibility of 
RUP-total AA. Due to difficulty in analyzing feeds for Tip, digestibility of RUP-Trp has 
not been reported in the literature. Further investigation into Tip digestibility is 
warranted. 
Conclusions 
Standardized digestibility of RUP-AA differs among and within feedstuffs. 
Euclidean distances between digestibility of individual RUP-AA and RUP-total AA 
within samples clearly indicate that RUP digestibility coefficients are inadequate to 
predict digestibility of individual RUP-AA. Data generated in the current study 
contributes to the database of RUP-AA digestibility estimates. More accurate predictions 
of RUP-Lys digestibility are important because RUP-Lys digestibility was generally 
lower than digestibility of RUP-total AA and varied greatly among samples. If individual 
digestibility values are assigned to all AA in RUP, including Lys, better predictions of 
AA supply could be realized. Soybean meal, SP, DDGS, and most FM samples do not 
contain a constant protein fraction that is neither degradable in the rumen nor digestible 
in the small intestine. These feeds contain a protein fraction that is indigestible in the 
small intestine, but partly degraded in the rumen and/or digested in the small intestine 
after rumen incubation. Standardized digestibility of RUP-AA is highly correlated to 
standardized AA digestibility. When adequate prediction equations are identified and 
validated, it may be possible to predict RUP-AA digestibility from digestibility of AA in 
the intact feed. The ADICP concentration of feeds appears to be a useful indicator of 
protein quality and Lys digestibility; however, differences in ADICP concentrations 
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Table 3. Sixteen hour ruminal digestibility (%) of amino acids in SoyPlus and soybean 






























































































































































H indicates the sample was subjected to additional heat treatment. 
2SP = SoyPlus®; SBM = soybean meal. 
BCAA = branch chain amino acids, EAA = essential amino acids, NEAA = nonessential 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 8. Sixteen hour ruminal digestibility of amino acids in dried distillers' grain with 
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H indicates the sample was subjected to additional heat treatment. 
2DDGS = dried distillers' grains with solubles. 
3BCAA = branch chain amino acids; EAA = essential amino acids; NEAA = nonessential 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 13. Sixteen hour ruminal digestibility of amino acids in Anchovy, Catfish, 
Menhaden, and Pollock fishmeal samples determined in situ. 
Sample 
Amino acid2 ANVY CFSH MNHN1 MNHN2 PLCK 































































































































'ANVY = Anchovy fishmeal; CFSH = Catfish meal; MNHN = Menhaden fishmeal; 
PLCK = Pollock fishmeal. 
9 
BCAA = branch chain amino acids; EAA = essential amino acids; NEAA = nonessential 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 17. Euclidean distances between digestibility of individual AA in RUP and RUP-
total AA in ruminally incubated samples of soybean meal, SoyPlus, dried distillers grains 
with solubles, and fish meal. 
Rumen residue sample 











Branch chain AA 0.94 
Essential AA 0.47 
Alanine 0.84 
Aspartic acid 1.95 
Cysteine 3.37 




Nonessential AA 1.02 
*AA = amino acids. 











































EVALUATION OF TWO IN VITRO TECHNIQUES TO ESTIMATE 
DIGESTIBILITY OF INDIVIDUAL AMINO ACIDS IN RUP: THE MODIFIED 
THREE-STEP PROCEDURE AND THE IMMOBILIZED DIGESTIVE ENZYME 
ASSAY 
Abstract 
Three soybean meal (SBM), 3 SoyPlus®, 5 dried distillers' grains with solubles 
(DDGS), and 5 fishmeal (FM) samples were obtained from FeedAC, Inc. (Homer, NY) 
to evaluate the modified three-step in vitro procedure (TSP) and the immobilized 
digestive enzyme assay (IDEA™; Novus International, Inc.) for estimating digestibility 
of amino acids (AA) in rumen undegraded protein (RUP-AA). Each sample was 
ruminally incubated in situ for 16 h, and the rumen undegraded residues (RUR) were 
collected and pooled by sample. For the modified TSP, 5 g of RUR were weighed into 
polyester bags which were then heat sealed and placed into Daisy11 incubator bottles. 
Samples were incubated in a pepsin/HCl solution followed by incubation in a pancreatin 
solution. After this incubation, residues remaining in the bags were analyzed for AA. 
Digestibility of RUP-AA was calculated based on disappearance from the bags. In vitro 
RUP-AA digestibility estimates were highly correlated to in vivo estimates. 
Corresponding intact feeds were also analyzed via the pepsin/pancreatin steps of the 
modified TSP. Estimates of AA digestibility of the feeds were highly correlated to in 
vivo RUP-AA digestibility, which suggests that the feeds may not need to be ruminally 
incubated prior to determining RUP-AA digestibility in vitro. The RUR were also 
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analyzed via the IDEA™ kits. The IDEA™ values of the RUR were good predictors of 
RUP-AA digestibility in SBM and SoyPlus® and DDGS, but the IDEA™ values were not 
as good predictors of RUP-AA digestibility in FM. However, the IDEA™ values of 
intact feed samples were also determined and were highly correlated to in vivo RUP-AA 
digestibility for all feed types, suggesting that the IDEA™ value of intact feeds may be a 
better predictor of RUP-AA digestibility than the IDEA™ value of the RUR. In 
conclusion, the modified TSP and IDEA™ kits may be good approaches for predicting 
RUP-AA digestibility in SBM products, DDGS, and FM samples. 
(Key words: Amino acid digestibility, rumen undegraded protein, modified three-step 
procedure, immobilized digestive enzyme assay) 
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Introduction 
The current dairy NRC (2001) model recognizes that intestinal digestibility of 
RUP varies among and within feedstuffs, but the model does not recognize differences in 
digestibility of individual amino acids (AA) in the RUP (RUP-AA) fraction of feeds. 
However, differences in intestinal digestibility of AA within feeds are recognized in both 
the poultry and swine NRC models (NRC, 1994; NRC, 1998), and differences in RUP-
AA digestibility values within feeds have been reported in the literature (Masoero et al., 
1994; Mupeta et al., 1997; O'Mara et al., 1997). Currently, data regarding RUP-AA 
digestibility for individual feed ingredients is limited due in large part to the difficulty in 
obtaining these estimates in ruminant animals. Therefore, a rapid, cost-effective in vitro 
method that will allow for routine analysis of feeds for RUP-AA digestibility is needed in 
order to increase the availability of data. The most common in vitro procedure used to 
estimate RUP digestibility is the three-step procedure (TSP) of Calsamiglia and Stern 
(1995); however, this procedure is not used to estimate RUP-AA digestibility. The three 
steps of the procedure are: 1) ruminal incubation, 2) pepsin digestion, and 3) pancreatin 
digestion. The pepsin and pancreatin digestion of the rumen undegraded residues (RUR) 
is performed in centrifuge tubes, and at the end of the procedure the undigested protein is 
precipitated with TCA. Use of TCA prohibits AA quantification of the post-digestion 
product via cation-exchange HPLC (cIEC-HPLC) which is the most common method for 
AA analysis. 
Recently, Gargallo et al. (2006) modified the TSP so that digestibility of RUP-AA 
could be determined. Modifications were as follows: the RUR are incubated with 
digestive enzymes in polyester bags which allows for collection of a final undigested 
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residue. This final residue can be analyzed for AA content so that intestinal digestibility 
of RUP-AA can be calculated. Gargallo et al. (2006) observed a high correlation 
between RUP digestibility determined with the original and modified TSP; however, they 
did not validate RUP-AA digestibility measurements with in vivo data. 
The immobilized digestive enzyme assay (IDEA) is another in vitro assay that 
can be used to estimate digestibility of protein and AA in feeds (Church et al , 1984; 
Schasteen et al., 2007). The assay was developed to determine digestibility of protein in 
human foodstuffs, and originally required 2.5 d to complete and employed a complex 
system of proteases immobilized to glass beads (Church et al., 1984). Schasteen et al. 
(2007) developed IDEA™ kits (Novus International Inc., St. Charles, MO) to provide a 
more rapid and accurate prediction of protein and AA digestibility than the original IDEA 
procedure would allow. IDEA kits™ have also been developed for a variety of protein 
supplements (Novus International Inc., St. Charles, MO); however, none of the kits have 
been evaluated to estimate intestinal digestibility of RUP-AA using ruminally 
undegraded feed residues. 
The objective of this experiment was to determine if the modified TSP and the 
IDEA™ kit assays can be utilized to accurately predict digestibility of RUP-AA in 
soybean meal (SBM), SoyPlus® (SP), dried distillers' grains with solubles (DDGS), and 
fishmeal (FM). In addition, the samples were also analyzed via the original TSP to 
compare RUP digestibility estimates between the original and modified procedures. 
Materials and Methods 
Sample Selection and In Vivo Data 
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Three SBM, 3 SP, 5 DDGS, and 5 FM (1 Anchovy, 1 Catfish, 2 Menhaden, and 1 
Pollock) samples before and after a 16 h ruminal incubation were used in this experiment. 
One of the SBM, SP, and DDGS samples were heated in a forced hot air oven (VWR 
Scientific, West Chester, PA) to depress the protein and AA digestibility. Details of the 
heating procedures, the ruminal incubation procedure, and the chemical composition of 
the intact feed and RUR samples are included in Chapter II. In vivo AA digestibility of 
the intact feeds and RUR was determined using the precision-fed cecectomized rooster 
assay which was also described in Chapter II. All intact feed and RUR samples were 
ground to pass a 1-mm screen using a Wiley mill (Thomas Scientific, Swedesboro, NJ) 
prior to analysis with the following procedures. 
Original Three-Step Procedure 
The RUR samples were analyzed using the original TSP described by Calsamiglia 
and Stern (1995). Procedures for the ruminal incubation step were slightly modified from 
the procedure described by the authors, and these modifications were described in 
Chapter II. For the second step, pepsin digestion, the RUR were weighed into 50-mL 
centrifugation tubes in duplicate so that each tube contained 15 mg of N. Ten mL of a 
0.1 NHC\ solution (pH 1.9) containing 1 g/L of pepsin (P-7012, Sigma, St. Louis, MO) 
were added to each tube. Tubes were then vortexed and incubated in a 38°C shaking 
water bath for 1 h. After this incubation, 0.5 mL of a 1 TVNaOH solution and 13.5 mL of 
a pancreatin solution (0.5 MKH2PO4 buffer at pH 7.8 containing 50 ppm of thymol and 3 
g/L of pancreatin [Sigma P-7545, Sigma]) were added to the tubes. Tubes were vortexed 
again and incubated at 38°C in a shaking water bath for 24 h. Samples were removed 
briefly from the water bath every 8 h and vortexed. After the pancreatin incubation, 3 
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mL of a 100% (wt/vol) solution of TCA was added to the tubes to precipitate undigested 
proteins. Tubes were vortexed again and allowed to stand at room temperature for 15 
min. Samples were then centrifuged at 10,000 x g for 15 min. The supernatant was 
analyzed for N content by the Kjeldahl method (AOAC, 1980). Digestibility of RUP was 
calculated as TCA-soluble N divided by the amount of sample N. 
Modified Three-Step Procedure 
The RUR and intact feed samples were analyzed using the pepsin and pancreatin 
digestion steps of the modified TSP. For this procedure, two different types of bags were 
evaluated: polyester bags with a pore size of 50 urn (Ankom R510, Ankom Technologiy, 
Macedon, NY) and bags with a pore size of 25 um (Ankom F57, Ankom Technologiy, 
Macedon, NY). Bags were dried in a forced hot air oven (VWR Scientific, West Chester, 
PA) for 48 h at 55°C, and the dry weight of the bags was recorded. Five g of sample 
were weighed into the bags in duplicate, and the bags were heat sealed. Bags were then 
placed into Daisy11 incubator bottles (Ankom Technology, Macedon, NY), and 2 L of a 
pre-warmed (39°C) 0.1 N HC1 solution containing lg/L of pepsin (P-7000, Sigma, St. 
Louis, MO) was added. The maximum number of bags in each bottle was 30. Bottles 
were then placed inside the Daisy incubator and incubated in constant rotation at 39°C 
for 1 h. After incubation, liquid was drained from the bottles, and bags were rinsed with 
cold tap water until runoff was clear. Bags were then reintroduced in the bottles, and 2 L 
of a pre-warmed (39°C) pancreatin solution (0.5 M potassium phosphate buffer, pH 7.75, 
containing 50 ppm thymol and 3 g/L of pancreation; Sigma P-7545) were added to the 
bottles. Bags were incubated in the Daisy11 in constant rotation at 39°C for 24 h. After 24 
h, the liquid was drained from the bottles, and bags were again rinsed until runoff was 
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clear. Bags were allowed to drain and were dried in a forced hot air oven at 55°C for 48 
h. The dry weights of the samples and bags were recorded, and bags were opened and 
pooled by sample for AA analysis. A portion of residue remaining after in vitro 
incubation was analyzed for CP and AA content via cation-exchange chromatography 
(cIEC-HPLC) coupled with post-column ninhydrin derivatization and quantitation 
(Experimental Station Chemical Laboratories, University of Missouri-Columbia, 
Columbia, MO). The CP and AA content of the feeds and rumen residues was 
previously determined (Chapter II). Pepsin-pancreatin digestion of CP and AA was 
calculated as follows: 
[(Amount AA in, g - Amount of AA out, g)/Amount AA in, g] x 100. 
Immobilized Digestive Enzyme Assay 
All intact feed and RUR samples were analyzed using IDEA™ kit assays supplied 
by Novus International, Inc., St. Charles, MO. The IDEA™ analysis was performed by 
researchers from the University of New Hampshire and Novus International, Inc. at the 
Novus research laboratory. Each kit included the procedure, a standard, and digestor 
tubes that contain digestive enzymes that have been immobilized to succinamidopropyl-
glass beads stored in 0.25 mL of a 50 mM phosphate buffer. Procedures varied according 
to sample type; however, the three basic steps for each kit were: 1) solubilization, 2) 
digestion, and 3) protein digestion quantification via o-phthaldialdehyde (OPA) analysis. 
Each sample was digested in duplicate. 
For SBM and SP intact feed and RUR samples, 0.64 g of each sample were 
weighed into 50 mL Erlenmeyer flasks. Forty mL of a phosphoric acid-sodium azide 
solution were then added to each flask. Samples were mixed at 700 rpm using a 
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magnetic stir bar and plate for 4 h at room temperature (22°C). After 4 h, pH was 
adjusted to 7.5 with a 12.5 M sodium hydroxide solution. While the samples were still 
stirring, 1 mL of the solution was transferred to a centrifuge tube for the initial OPA 
analysis, and 0.25 mL of the solubilized sample were transferred to digestor tubes. The 
digestor tubes were then mixed on an end-to-end rotator in an incubator at 37°C for 18 h. 
After 18 h, samples were removed from the incubator and beads were allowed to settle by 
gravity. The supernatant was transferred to a centrifuge tube for the final OPA analysis. 
For the DDGS intact feed and RUR samples, 1.92 g of sample were weighed into 
50 mL Erlenmeyer flasks, and 40 mL of a disodium phosphate-sodium azide solution (pH 
7.7) were added to the flasks. Samples were mixed using a magnetic stir bar and plate for 
60 min at room temperature. After this step, 0.25 mL of the solution were transferred to a 
DDGS digestor tube and samples were mixed on an end-to-end rotator in an incubator at 
37°C for 18 h. After 18 h, samples were removed from the incubator and beads were 
allowed to settle by gravity. The supernatant was then transferred to an empty centrifuge 
tube for OPA analysis. 
For the FM intact feed and RUR samples, the amount of sample weighed into the 
flasks varied so that each flask contained 160 mg of CP. A 0.04 M HC1 solution was 
added to the flasks so that the sample concentration was 8 mg/mL of solution. Samples 
were stirred for 15 min, and pH was adjusted to 2. One mL of the solubilized sample was 
transferred to a centrifuge tube for the initial OPA anlaysis, and 2.5 mL of solubilized 
sample were added to the digestor tubes. Tubes were mixed for 2 h at 37°C, after which 
the beads were allowed to settle by gravity, and the supernatant was transferred to an 
empty centrifuge tube for the final OPA analysis. 
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IDEA™ Protein Digestion Quantification 
Protein digestion via the IDEA™ kits was quantified by the reaction of a-amino 
groups with OPA (Schasteen et al., 2007). The OPA solution was prepared by combining 
50 mL of 0.1 M sodium borate, 40 mL of deionized water, and 10 mL of 10% sodium 
dodecyl sulfate. Eighty milligrams of OPA were mixed with 2 mL of a 95% ethanol 
solution and vortexed. This mixture was then added to the solution described above. The 
final step to making the OPA solution was adding 0.2 mL of mercaptoethanol and mixing 
everything on a stir plate. One milliliter of the OPA reagent was added to disposable 
cuvettes. The solubilized (initial) and digested (final) samples were mixed on a vortex 
mixer and then centrifuged at 5,000 x g for 15 min. Ten microliters of the digested 
samples were then added to the cuvettes filled with the OPA reagent. The cuvettes were 
covered with parafilm, inverted and allowed to stand at room temperature for 2 min. 
Absorbance was read at 340 nm (A340) on a spectrophotometer (Varian Associates, 
Sunnyvale, CA). Absorbance of the initial and final samples was used to calculate 
IDEA™ values for SBM, SP, and FM samples. For the DDGS samples, the IDEA™ 
values were calculated solely from the absorbance of the final sample because no initial 
sample is collected. 
IDEA™ Calculations 
The IDEA™ values were calculated as follows: 
SBM and SP: IDEA™ value = A34ofinal - (0.5 x A34oinitial)/percent protein 
DDGS: IDEA™ value = A34ofinal / percent protein 
FM: IDEA™ value = A34ofinal - (0.75 x A34oinitial)/percent protein. 
A standardization factor was also calculated: 
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Standardization factor = Novus determined IDEA value for standard / measure 
IDEA value for standard. 
The IDEA™ values were then adjusted using this standardization factor: 
Corrected IDEA™ value = IDEA™ value x standardization factor. 
For the SBM and FM kits, equations for calculating predicted AA digestibilities were 
also included. The equations were developed by Novus International, Inc. based on 
regression analysis of IDEA™ values and standardized AA digestibility values 
determined in cecectomized roosters crop intubated with intact feed samples. Therefore, 
the equation for digestibility of each A A is y = mx + b. Using Lys as an example, the 
calculation is as follows: 
SBM and SP: Predicted Lys digestibility = 51.615 + (46.270 x IDEA™ value) 
FM: Predicted Lys digestibility = 66.404 + (78.681 x IDEA™ value). 
The value of b and m varies for each A A. 
For the DDGS kits, digestibility of Lys is calculated in the same manner as for the 
other kits (y = mx + b): 
DDGS: Predicted Lys digestibility = 36.000 + (34.029 x IDEA™ value). 
However, digestibility of Arg, Cys, He, Leu, Met, Thr, Trp, and Val, is calculated based 
on predicted Lys digestibility. The calculation for the digestibility of these AA in DDGS 
is as follows using Met as an example: 
Predicted Met digestibility = 69.870 + (0.249 x IDEA™ predicted Lys 
digestibility). 
Again, the value of b and m varies for each AA. Digestibility equations for all other AA 
are not provided with the DDGS kits. 
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Statistical Analysis 
The REG procedure of SAS (SAS Institute, 2001) was used to examine the 
relationship between standardized AA and RUP-AA digestibility measured in vivo and 
digestibility determined using the modified TSP, the IDEA™ value, digestibility 
calculated using the IDEA™ equations, and digestibility predicted by the IDEA™ value. 
The relationship between standardized digestibility of total AA and RUP-AA and CP 
digestibility determined using the original and modified TSP was also examined. In 
addition, the correlation between CP digestibility measured using the original and 
modified TSP was determined. 
Results and Discussion 
Modified Three-Step Procedure 
Digestibility of RUP-AA determined via the modified TSP using ANKOM R150 
and F57 bags for soy-product, DDGS, and FM samples are presented in Tables 1, 2, and 
3, respectively. The correlation coefficients between RUP-AA digestibility determined in 
vitro and in vivo using cecectomized roosters (see Chapter II) are presented in Table 4. 
Digestibility of RUP-AA determined via the modified TSP using the R150 bags was 
highly correlated to in vivo data for all A A (Table 4); however, digestibility of RUP-Lys 
was over-estimated for all samples when the R150 bags were used (Figure 1C). 
Therefore, the use of ANKOM F57 bags in the modified TSP was evaluated to determine 
if the smaller pore size of the bags would yield more accurate Lys digestibility values. 
However, the correlation coefficients between in vitro and in vivo digestibility 
measurements were lower when the F57 bags were used. Gargallo et al. (2006) used both 
the R150 and F57 bags in the development of the modified TSP and reported that CP 
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digestibility determined via the original and modified TSP was highly correlated for both 
bag types (r2 = 0.98). The authors also reported that CP digestibility was lower when the 
F57 bags were used and suggested that the R150 bags be used because the same bag 
could be used for each step of the procedure which would save time and labor. Based on 
these results and the results of the present experiment, it is recommended that the 
ANKOM R150 bags be used in the modified TSP because RUP-AA digestibility 
estimates with these bags are more accurate than with the F57 bags. From this point 
forward, all data obtained using the modified TSP that will be discussed was obtained 
using the ANKOM Rl 50 bags. 
To our knowledge, this is the first study to validate the use of the modified TSP of 
Gargallo et al. (2006) to estimate RUP-AA digestibility with in vivo data. Borucki-
Castro et al. (2007) evaluated the use of the original TSP to estimate digestibility of RUP-
AA and used GC-MS and a mass selective detector to quantify AA in the final 
supernatant. They evaluated RUP-AA digestibility of SBM, expellers SBM, 
lignosulfonate treated SBM, and heated SBM with soyhulls. Samples were analyzed 
using the in vitro TSP and using the in situ mobile bag technique in lactating dairy cows 
with collection of the bags from the feces. Estimates of RUP-AA digestibility obtained 
in vitro were compared to in situ estimates, and the authors did not observe an agreement 
between the 2 methods. The RUP-AA digestibility estimates with the mobile bag 
technique were higher than in vitro estimates. With the mobile bag technique, RUP-AA 
digestibility coefficients were generally between 97 and 100%, and RUP-AA digestibility 
coefficients determined in vitro generally ranged from 70 to 90%. Discrepancies 
between the two methods were attributed to the fact that an in vitro method is unlikely to 
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represent the exact environment and function of the intestine and to the fact that particle 
loss from the mobile bags during transit and washing could increase digestibility 
estimates. It was concluded that the in vitro method could not be used as a reliable 
replacement for the mobile bag technique. In the present experiment, a different 
procedure was used to estimate RUP-AA digestibility, but digestibility of total RUP was 
also determined using the original TSP (Calsamiglia and Stern 1995; Tables 1-3). 
Digestibility of RUP was compared to digestibility of total RUP-AA estimated in the 
cecectomized roosters (accurate estimates of CP digestibility cannot be obtained in 
poultry; Table 4). Similar to results reported by Borucki-Castro et al. (2007), the original 
TSP under-estimated RUP digestibility compared to in vivo data (Table 4). In addition, 
the correlation between in vitro RUP digestibility and in vivo RUP-TAA digestibility was 
lower for the original TSP compared with the modified TSP, which suggests that the 
modified TSP may provide more accurate estimates of RUP digestibility than the original 
TSP at least for SBM, DDGS, and FM samples. 
Although RUP-AA digestibility obtained with the modified TSP is highly 
correlated to in vivo data, digestibility estimates obtained with this method do not always 
agree with in vivo values. Regression graphs of RUP-Lys, RUP-Met, total RUP-AA, and 
total RUP-EAA digestibility determined in vivo and via the modified TSP are presented 
in Figures 1A, IB, 2A, and 2B, respectively. Differences between RUP-Lys, RUP-Met, 
total RUP-AA, and total RUP-EAA digestibility estimates obtained in vitro and in vivo 
are presented in Figures 1C, ID, 2C, and 2D, respectively. As mentioned previously, 
RUP-Lys digestibility was over-estimated for all samples and was greater for DDGS and 
heat damaged soy samples compared with the other samples (Fig. 1C). Generally, for 
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highly digestible samples (> 90%), digestibility estimates of RUP-Met, total RUP-AA, 
and total RUP-EAA obtained with the modified TSP were very similar to or slightly 
higher than corresponding in vivo digestibility estimates (Figs. ID, 2C, and 2D). For less 
digestible samples (< 90%), RUP-Met digestibility was under-estimated using the 
modified TSP, and digestibility of total RUP-AA and RUP-EAA was generally under-
estimated except for the heated SP and MNHN2 samples. Therefore, the modified TSP 
can adequately rank feeds based on RUP-AA digestibility, but the actual RUP-AA 
digestibility values would need to be transformed according to regression equations. 
These equations should be validated with samples not used in this analysis. Lysine 
digestibility will continue to be a concern because RUP-Lys digestibility of the FM 
samples predicted by the modified TSP was closer to in vivo estimates compared with 
DDGS and heated soy-product samples. Therefore, if the same equation is used to 
transform data for all feeds, RUP-Lys digestibility in feeds that are not heat damaged 
may be under-estimated, and RUP-Lys digestibility in feeds that are heat-damaged may 
be over-estimated. Currently, data are too limited to develop equations specific for each 
feed type. Although the accuracy of the assigned RUP-AA digestibility coefficients 
obtained using the modified TSP warrants further investigation, it appears that the 
procedure can be used to at least rank feeds according to digestibility of RUP-AA. 
Pepsin and Pancreatin Digestion of Intact Samples. The intact SBM and SP, 
DDGS, and FM samples were also analyzed using the pepsin and pancreatin steps of the 
modified TSP (Tables 5, 6, and 7, respectively). In vitro AA digestibility was highly 
correlated to in vivo AA digestibility (Table 8; R2 = 0.75 for TAA) which suggests that 
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the pepsin and pancreatin steps of this modified TSP may be useful for monogastric 
nutrition as well. 
It is recognized that digestibility of AA is different from digestibility of RUP-AA. 
However, in vitro AA digestibility was highly correlated to in vivo RUP-AA digestibility 
for all AA (Table 8; R2 for TAA = 0.76). Although this relationship is not as highly 
correlated as RUP-AA digestibility determined in vitro and in vivo, further investigation 
into this approach is warranted because it could potentially eliminate the need to use live 
animals for any step in determining RUP-AA digestibility. Residual plots of RUP-Lys, -
Met, -TAA, and -EAA measured in vivo minus digestibility predicted from in vitro AA 
digestibility estimates are presented in Figure 3. Based on these residual plots, RUP-Met, 
-TAA, and -TEAA digestibility of most samples was predicted within 0-7 percentage 
units of measured values, but predicted digestibility of RUP-Lys was not as agreeable as 
digestibility was predicted within 15 percentage units of measured values for most 
samples. However, with a larger database, and more accurate prediction equations, these 
limitations could be resolved. 
IDEA™ 
The IDEA™ values and digestibility of AA and RUP-AA calculated from the 
equations provided with the IDEA™ kits for the soy-product, DDGS, and FM samples 
are presented in Tables 9, 10, and 11, respectively. The IDEA™ values for the intact 
samples were greater than the IDEA™ values of the RUR. Therefore, calculated AA 
digestibility was higher than RUP-AA digestibility. However, in vivo, RUP-AA 
digestibility was higher than AA digestibility for the soy-product and DDGS samples, 
and RUP-AA digestibility was similar or slightly lower than AA digestibility of the FM 
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samples. The R2 values between calculated and in vivo measured AA and RUP-AA 
digestibility are presented in Table 12. All relationships were highly correlated except 
for calculated and measured RUP-AA digestibility of the FM samples. Although there 
was a high correlation, there were large discrepancies between calculated and measured 
RUP-Lys and -Met digestibility values (Figure 4). For intact samples, discrepancies 
between calculated and measured Lys and Met digestibility were less, except for less 
digestible samples for which the difference between calculated and measured values 
increased. Therefore, if the IDEA™ kits are to be used to estimate RUP-AA digestibility, 
new prediction equations that are specific for RUP-AA digestibility should be developed. 
In order to develop equations that can be used to specifically calculate RUP-AA 
digestibility from IDEA™ values, in vivo RUP-AA digestibility was compared to the 
IDEA™ values of each feed type. The IDEA™ values were highly correlated to in vivo 
RUP-AA digestibility of the soy-product and DDGS samples, but for the FM samples 
there was not a linear relationship between the IDEA™ value and RUP-AA digestibility 
(Table 13). However, it is recognized that a limitation of this dataset is that there were 
few data points for the regression analysis because each feed type had to be analyzed 
separately (see Materials and Methods). Therefore, in order to increase the number of 
data points and analyze all 16 samples at once, RUP-AA digestibility predicted from the 
IDEA™ value was compared to RUP-AA digestibility measured in vivo. This 
relationship is also presented in Table 13 and was highly correlated for all AA (R =0.81 
for TAA), particularly for Lys (R2 = 0.92). The regression graphs as well as residual 
plots of measured minus IDEA™ predicted values for RUP-Lys and -Met and total RUP-
AA and -EAA are presented in Figures 5 and 6, respectively. Predicted RUP-Lys 
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digestibility was within about 12 percentage units of measured values, and RUP-Met 
digestibility was predicted within about 8 percentage units of measured values. For total 
RUP-AA and -EAA, the IDEA™ predicted digestibility was within about 9 percentage 
units of measured values. 
In the development of the SBM kit, Schasteen et al. (2007) reported that the 
IDEA™ value of SBM samples was highly correlated to standardized AA digestibility 
determined in vivo for all AA. In their analysis, R2 values ranged from 0.73 for Cys to 
0.91 for Asp, and the R2 values for Lys and Met were 0.86 and 0.88, respectively. The 
reported IDEA™ values ranged from 0.44 to 0.90 which corresponded to in vivo Lys 
digestibility estimates of 71.4 and 91.9% and in vivo Met digestibility estimates of 63.5 
and 95.0%, respectively. In the present experiment the IDEA™ values of the intact feeds 
ranged from 0.34 to 1.0 (Table 9) which corresponded to in vivo Lys digestibility 
estimates of 67.4 and 97.9% and Met digestibility estimates of 59.4 and 103.2%, 
respectively (see Chapter II). The lowest SBM Lys digestibility estimate reported by 
Schasteen et al. (2007) was 71%, so the accuracy of the kit below 70% was unknown. In 
the present experiment, in vivo Lys digestibility values as low as 38% were observed for 
the soy-product samples, and even with Lys digestibility below the reported range, the 
correlation between in vivo Lys digestibility and IDEA™ values was high, which 
suggests that the IDEA™ kits may be useful for estimating AA digestibility of poorly 
digested samples. 
Although IDEA™ kits for DDGS and FM have been developed, the results have 
not been published, and results cannot be compared between feed types since the IDEA™ 
value is calculated differently for each feed. However, in the present study, the IDEA™ 
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values of both the intact and RUR of DDGS were highly correlated to in vivo estimates 
(Table 13), suggesting that the IDEA™ kits may be useful in determining RUP-AA 
digestibility of DDGS samples as well. For the FM samples, intact FM was highly 
correlated to in vivo AA digestibility, but the IDEA™ values of the FM RUR were not 
highly correlated to in vivo RUP-AA digestibility (Table 13). This may be due to 
processing of the residues after ruminal incubation which included rinsing the RUR in a 
methycellulose solution and then 3 times in a washing machine. It is possible that not all 
of the methylcellulose solution was rinsed away from the RUR samples which may have 
interfered with the IDEA™ analysis of the FM samples since the digestion time of FM in 
the tubes is only 2 h compared to 18 h for the soy-product and DDGS samples. For 
future analysis of RUR FM samples with the IDEA™ assay, it may be useful to evaluate 
the use of a longer digestion time in the digestor tubes. 
Because the IDEA™ values are used to predict, not measure, AA digestibility, the 
relationship between the IDEA™ value of the intact feed and RUP-AA digestibility 
measured in vivo was examined to determine if the IDEA™ value of the intact feed could 
be used to predict RUP-AA digestibility. This would save time and money because the 
feeds would not have to be ruminally incubated prior to in vitro digestion. Results of this 
analysis are presented in Table 14, and the IDEA™ value of intact FM is better correlated 
to RUP-AA digestibility of FM than the IDEA™ value of the RUR. For DDGS and soy-
products, the correlation between the IDEA™ value of the intact samples and RUP-AA 
digestibility (Table 14) was just as high as or slightly higher than the correlation between 
the IDEA™ value of the RUR and RUP-AA digestibility in vivo (Table 13). Therefore, 
for a more efficient, cost-effective analysis, it is recommended that for future IDEA™ 
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analysis, the IDEA™ values of the intact samples be determined, and that the IDEA™ 
value of the intact feed be compared to in vivo RUP-AA digestibility to develop accurate 
prediction equations. Digestibility of RUP-AA measured in vivo was also compared to 
RUP-AA digestibility predicted from the IDEA™ value of the intact feed. As expected, 
measured and predicted RUP-AA digestibility were highly correlated (Table 14). The 
regression graphs of RUP-Lys and -Met digestibility and the residual plots of measured -
predicted RUP-Lys and -Met digestibility are presented in Figure 7, and regression 
graphs of total RUP-AA and -EAA and the residual plots of measured - predicted RUP-
AA and -EAA digestibility are presented in Figure 8. Results of the residual analysis 
between measured RUP-AA digestibility and the IDEA™ value of the intact feeds was 
similar to the residual analysis between measured RUP-AA digestibility and RUP-AA 
digestibility predicted from the IDEA™ value of the RUR (Figures 5 and 6), which 
supports the concept that IDEA™ analysis of the intact feeds can be used to predict RUP-
AA digestibility in vivo. The benefit of analyzing the intact feed compared with the RUR 
is that time and money can be saved and feeds can be analyzed more routinely. The 
regression equations presented here need to be validated. 
Conclusions 
The modified TSP and IDEA™ assays appear to be adequate assays for 
estimating RUP-AA digestibility. However, there are benefits and drawbacks to both 
methods. The modified TSP can be used to estimate RUP-AA digestibility of any 
feedstuff, but the procedure over-estimates digestibility of RUP-Lys, particularly for 
heated plant protein products. In addition, the final residue of the modified TSP needs to 
be analyzed for AA content which increases the time needed to obtain digestibility 
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estimates and increases the cost of analysis. The IDEA™ kit assays marketed by Novus 
International, Inc. are specific to each feed type which limits the use of the kits. 
However, the kits are rapid and there is no need for AA analysis after the IDEA™ assay 
is performed. This allows for a more rapid analysis of RUP-AA digestibility. 
Furthermore, because the IDEA™ values of the intact feeds and AA digestibility 
estimates obtained using the modified TSP were highly correlated to in vivo RUP-AA 
digestibility, future analysis of these methods should focus on predicting RUP-AA 
digestibility from analysis of the intact feed. It will be faster and more cost effective if 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 4. Correlation coefficients (R ) between AA digestibility of rumen residue samples 


























CP org. vs. mod. 
R2 





































































































AA = amino acids; CP = crude protein; CP mod. = CP digestibility determined via the 
modified three-step procedure compared to in vivo total AA digestibility; CP org. = CP 
digestibility determined via the original three-step procedure compared to in vivo total 
AA digestibility; CP org. vs. mod. = CP digestibility determined via the original three-
step procedure compared to CP digestibility determined via the modified three-step 
procedure. 
Probability of a significant linear relationship; n = 16. 
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Table 5. Digestibility of AA and CP in intact SoyPlus® and soybean meal samples 
determined via in vitro pepsin and pancreatin digestion with the use of ANKOM R150 
bags. 
Intact feed sample 




























































































































































H indicates the sample was subjected to additional heat treatment; SP = SoyPlus®; SBM 
= soybean meal. 
2AA = amino acids; CP = crude protein. 
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Table 6. Digestibility of AA and CP in samples of intact dried distillers' grains with 
solubles determined via in vitro pepsin and pancreatin digestion with the use of ANK.OM 
















































































































































H indicates the sample was subjected to additional heat treatment; DDGS = dried 
distillers' grains with solubles. 
2AA = amino acids; CP = crude protein. 
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Table 7. Digestibility of AA and CP in intact samples offish meal determined via in 
vitro pepsin and pancreatin digestion with the use of ANKOM R150 bags. 















































































































































'ANVY = Anchovy; CFSH = Catfish; MNHN = Menhaden; PLCK = Pollock. 
AA = amino acids; CP = crude protein. 
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Table 8. Correlation coefficients (R2) between AA digestibility of intact feed samples 
determined via an in vitro pepsin and pancreatin incubation and with cecectomized 
roosters. 
P? R2 




















































































































AA = amino acids. 
Probability of a significant linear relationship. 
3R2 values between AA digestibility of intact feeds determined in vitro and AA 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 14. Relationship (R2) between IDEA™ values of intact feeds and standardized 
digestibility of AA in rumen residues of SoyPlus , soybean meal, dried distillers' grains 
with solubles and fishmeal crop intubated to cecectomized roosters. 
Amino acid 
R for IDEA™ value of intact feed and 
standardized RUP-AA digestibility in vivo 
R value 











































































































'SP = SoyPlus' 
FM = fishmeal. 
BCAA = branch chain amino acids; AA 
acids. 
3n = 6 for SP & SBM; n = 5 for DDGS; n = 5 for FM. 
4Pred. = RUP-AA digestibility predicted by IDEA™ value of intact feed; Meas. 
AA digestibility measured in roosters; n = 16. 
SBM = soybean meal; DDGS = dried distillers' grains with solubles; 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































EVALUATION OF TWO REACTIVE LYSINE TESTS: THE FUROSINE AND 
GUANIDINATION METHODS 
Abstract 
Sixteen feed samples were obtained from the FeedAC, Inc. (Homer, NY) to 
evaluate the furosine and guanidination methods for determining the reactive Lys content 
in feed protein and in rumen undegraded protein (RUP). Three samples of soybean meal 
(SBM), 3 samples of SoyPlus®, 5 samples of dried distillers grains with solubles 
(DDGS), and 5 samples of fishmeal (FM) were used. Each sample was ruminally 
incubated in situ for 16 h, and the rumen undegraded residues (RUR) were collected and 
pooled by sample. Furosine is a secondary product of the initial stages of the Maillard 
reaction and can be used to calculate blocked Lys. For this method, all RUR were 
analyzed for furosine and Lys content; however, only 9 of the 16 samples contained 
furosine and only the 4 unheated DDGS samples contained appreciable amounts of 
furosine. The blocked RUP-Lys concentrations of the samples were calculated from the 
furosine and Lys concentratons. The guanidination reaction results in the formation of 
homoarginine via the reaction of reactive Lys with O-methylisourea. For this method, all 
intact feed and RUR samples were guanidinated for 72 h and analyzed for Lys and 
homoarginine concentrations. Concentrations of reactive Lys and RUP-Lys were 
calculated. Results of the experiment indicate that blocked RUP-Lys (n=9) was 
negatively correlated to standardized RUP-Lys digestibility (R2 = 0.94), and reactive 
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RUP-Lys (n=16) was positively correlated to standardized RUP-Lys digestibility (R = 
0.90). The reactive Lys concentration of the intact samples was highly correlated to 
RUP-Lys digestibility (n=16; R2 = 0.90). In conclusion, it appears that the furosine assay 
may be useful to predict RUP-Lys digestibility of DDGS samples only, and that the 
guanidination procedure may be useful to predict RUP-Lys digestibility of SP, SBM, 
DDGS, and FM samples. 




Lysine is an essential amino acid (AA) that is often limiting for milk and milk 
protein production in lactating dairy cows in North America where diets high in corn 
products are fed (NRC, 2001). Lysine contains an s-amino group on its side chain which 
can readily participate in the Maillard reaction in the presence of reducing sugars and 
heat to form Maillard reaction products. These products are resistant to digestive 
enzymes and are not readily absorbed in the small intestine (Hurrell and Carptenter 1981; 
Mauron, 1981). Analyzing feeds for Lys concentration is not adequate to predict the 
digestible Lys supply of a feed, especially if that feed has been heat processed, because 
compounds that form during the early stages of the Maillard reaction can revert back to 
Lys during acid hydrolysis (Moughan et al., 1996). However, these compounds when fed 
to animals are not available forms of Lys. Analysis of feeds for blocked Lys (Lys in 
which the e-amino group is bound) or reactive Lys (Lys in which the e-amino group is 
not bound) will allow for more accurate prediction of the metabolizable Lys supplied by 
dietary ingredients. 
The blocked Lys concentration of a feed can be calculated using the furosine 
procedure. Furosine is an indirect measurement of a-7V-formyl-(e-Af-deoxyfrucosyl)-Lys, 
which is the major form of blocked Lys present after the early Maillard reaction (Hurrell 
and Carpenter, 1981). Upon acid hydrolysis, a-A^-formyl-(e-A^-deoxyfrucosyl)-Lys is 
released as 50% Lys, 30% furosine, and 20% pyridosine. Because these products are 
released in a constant ratio, the amount of furosine in a sample can be used to calculate 
the amount of Lys that is blocked. 
195 
The reactive Lys concentration of a feed can be determined by the guanidination 
reaction followed by homoarginine quantification (Moughan and Rutherfurd, 1996). In 
this reaction, O-methylisourea combines with reactive Lys to form homoarginine (an 
amino acid not found in nature). The Lys content of the feed before the guanidination 
reaction, the Lys content of the feed after the guanidination reaction, and the amount of 
homoarginine formed are quantified, and reactive Lys is then calculated. 
Both of these techniques may be useful to predict in vivo digestible RUP-Lys 
supply. The objective of this experiment was to determine if the furosine and 
guanidination procedures can be used to accurately predict the digestibility of Lys in the 
RUP fraction of protein supplements commonly fed to lactating dairy cows. In vivo data 
obtained via the precision-fed cecectomized rooster assay (Chapter II) was used to assess 
the adequacy of the techniques. 
Materials and Methods 
Three samples of soybean meal (SBM), 3 samples of SoyPlus® (SP), 5 samples of 
dried distillers' grains with solubles (DDGS), and 5 samples of fishmeal (FM; 1 
Anchovy, 1 Catfish, 2 Menhaden, and 1 Pollock) before and after a 16 h ruminal 
incubation were used in this experiment. In order to assess the effects of heat on 
intestinal digestibility of Lys and RUP-Lys, 1 SBM and 1 SP sample were heated in a 
forced hot air oven (VWR Scientific, West Chester, PA) at 150°C for 90 min. This 
temperature and length of heating were chosen based on the results of a study conducted 
by Faldet et al. (1992) in which growth of rats was decreased when fed soybeans heated 
at 150°C for 90 minutes. One of the DDGS samples was heated at 140°C for 60 minutes 
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to depress RUP and RUP-AA digestibility. The FM samples were not heated so that we 
could measure the variation between FM types. 
Details of the ruminal incubation procedure and chemical composition of the 
intact feed and rumen undegraded residue (RUR) samples were previously described 
(Chapter II). In vivo AA digestibility of intact feeds and RUR was also previously 
determined (Chapter II). All samples were ground to pass a 1-mm screen using a Wiley 
Mill (Thomas Scientific, Swedesboro, NJ) for the analysis described below. 
Furosine analysis 
For furosine analysis, 0.1989 - 0.2004 g of the RUR samples were weighed in 
duplicate into 125-mL round bottomed flasks. Thirty mL of 6 M HCL were then added 
to the flasks, and the flasks were attached to reflux condensers (West type, 24/40 S.T. 
joint, 300-mm jacket; Chemglass, Vineland, NJ). Flasks were placed in a preheated sand 
bath and samples were gently boiled for 24 h. Flasks were then removed and cooled at 
room temperature (22°C). The solution was transferred quantitatively to a 100-mL 
volumetric flask that contained 400 jxL of a 31.25 uM/mL norleucine (N8513, Sigma, St. 
Louis, MO) internal standard solution. The solution was made to volume, mixed 
thoroughly and filtered through no. 3 filter paper (Whatman International Ltd., 
Maidstone, England) into a sample jar. Five mL of the filtered sample were transferred 
to a 125-mL round bottom flask and evaporated twice with the water bath at 50°C 
(Rotavapor R-205; Biichi, Flawil, Switzerland). At the end of the second evaporation, 
flasks were placed on ice to cool. Once cool, 2.5 mL of sodium diluent (Na220, 
Pickering Laboratories, Moutain View, CA) were added to the flasks and mixed well. 
Eight hundred and fifty uL of the solution were then filtered through a 0-45 um 
197 
membrane filter (Gelman Sciences, Ann Arbor, MI) into a microcentrifuge tube, and 
frozen at -80°C. Samples were analyzed for Lys and furosine concentration by ion-
exchange HPLC and quantitated by post-column derivitization using ninhydrin (South 
Dakota State Universtiy, Brookings, SD). Blocked Lys was calculated as follows: 
% blocked Lys = [(3.1 x furosine, %)/(Lys, % + (1.86 x furosine, %))] x 100 
(Mauron, 1990). 
Guanidination Method: Homoarginine Analysis 
Preparation of the Methylisourea Solution. The guanidination reaction and the 
subsequent analysis of the samples for homoarginine content was conducted according to 
the procedure of Moughan and Rutherford (1996). An 0-methylisourea solution was 
prepared by adding 20.64 g of barium hydroxide (217573, Sigma, St. Louis, MO) to 69 
mL of distilled water that had been cooled to room temperature after being boiled for 10 
min to remove CO2. The solution was then heated to near boiling at 95°C, and 10.32 g of 
O-methylisourea (M53701, Sigma, St. Louis, MO) were added to the near boiling 
solution. The solution was stirred using an automatic stirrer and allowed to cool at room 
temperature to 35°C. The solution was then transferred equally to 4 centrifuge tubes (50-
mL) and centrifuged (Damon, Needham Hts., MA) at 5,000 x g for 15 min. The 
supernatant was then transferred to a 100-mL beaker, and 2 mL of degassed water were 
added to each centrifuge tube. The water was mixed thoroughly with the precipitate 
using a glass rod. The solution was centrifuged again at 5,000 x g for 1,5 min, and the 
supernatant was transferred to the beaker with the previous supernatant. The precipitate 
was discarded, and the pH of the supernatant solution was measured. If the pH was less 
than 12, the solution was discarded (Moughan and Rutherford, 1996). If the pH was 
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above 12, the solution was adjusted to pH 11.4 with 1 M HC1 and brought up to volume 
in a 100-mL volumetric flask. 
Guanidination Reaction. After the solution was prepared, 0.1989 - 0.2004 g of 
both the intact feed and RUR samples were weighed in duplicate into 125-mL round 
bottomed flasks. Six mL of the 0-methylisourea solution were added to each flask. A 
small stir rod was then added, and flasks were covered with a laboratory sealing film 
(DuraSeal™, Diversified Biotech, Boston, MA). Samples were stirred very gently via an 
automatic stirrer for 12 h at room temperature (22°C). After 12 h, the stir plate was 
turned off, and the samples were left to stand for 60 additional h at room temperature. 
The O-methylisourea solution was then evaporated from the flasks. Once dry, samples 
were subjected to acid hydrolysis using the procedure described above for furosine 
analysis, and the Lys and homoarginine content of the guanidinated samples was 
determined by ion-exchange HPLC and quantitated by post-column derivitization using 
ninhydrin (South Dakota State Universtiy, Brookings, SD). Reactive Lys was calculated 
as percentage of Lys converted to homoarginine. 
Statistical Analysis 
The REG procedure of SAS (SAS Institute, 2001) was used to examine the 
relationship between blocked and reactive Lys content and standarized Lys and RUP-Lys 
digestibility of the samples measured in cecectomized roosters. 
Results and Discussion 
Furosine Analysis 
The RUR samples were analyzed via the furosine method before the intact feeds. 
Upon furosine analysis of the RUR samples, it was determined that only 9 of the 16 
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samples contained any furosine (Table 1). Samples heated in the laboratory oven did not 
contain any furosine, and RUP-Lys digestibility was severely depressed for these samples 
(Chapter II). Furosine is a product that is released upon acid hydrolysis of feeds that 
contain a-iV-formyl-(e-7V-deoxyfrucosyl)-Lys, an Amadori compound formed during the 
early Maillard reaction. During the advanced and late stages of the Maillard reaction, the 
Amadori compounds undergo additional reactions to form other compounds. These 
compounds are not released as Lys or furosine during acid hydrolysis. Therefore, for the 
samples that were heated in the laboratory oven, it is likely that the more advanced 
Maillard reaction products were present in these feeds, and the Amadori compounds 
underwent further reactions. This is supported by the fact that the heated samples 
contained much less reactive Lys compared with unheated samples when analyzed via the 
guanidination procedure (Tables 2 and 3). 
Of the samples that contained furosine, only 4 of the DDGS samples contained 
appreciable amounts of furosine (Table 1). Therefore, the intact samples were not 
analyzed for furosine content. The other samples that did contain furosine were one of 
the SP samples, both of the unheated SBM samples, the 4 unheated DDGS samples, the 
Anchovy FM, and one of the Menhaden FM samples. The furosine content of the 
samples ranged from 0.01 to 0.52 mg/g which corresponded to blocked RUP-Lys 
concentrations of 0.1 and 26.0% of total RUP-Lys, respectively (Table 1). Despite the 
limited amount of samples that contained furosine (n = 9), blocked RUP-Lys was 
inversely correlated to standardized RUP-Lys digestibility measured in cecectomized 
roosters (R = 0.94; Figure 1). However, because only appreciable amounts of furosine 
could be measured in the DDGS samples, it is suggested that among the samples 
200 
evaluated, this procedure will only be useful in estimating heat damage to§ Lys resulting 
from the early Maillard reaction in DDGS samples. 
Furosine analysis is most commonly used to assess heat damage in milk-based 
products (Ebersdobler and Somoza, 2007). Therefore, the use of furosine to assess heat 
damage of animal feeds is limited, and to our knowledge, this is the first study to assess 
the furosine content in the RUP fraction of feeds. In the present experiment, the average 
blocked RUP-Lys content was (mean ± SD) 17.5 ± 6.8% of total RUP-Lys among DDGS 
samples. Pahm et al. (2006) used the furosine procedure to estimate the blocked Lys 
content of 5 intact DDGS samples. The authors reported that the average blocked Lys 
content of the samples was (mean ± SD) 16.2 ± 5.2%, and that blocked Lys was highly 
correlated to standardized ileal Lys digestibility in swine (R = 0.70). The average 
blocked Lys content of the samples presented in this study and reported by Pahm et al. 
(2006) are similar. Because the standard deviation was high in both studies, it appears 
that there is considerable variation in the blocked Lys content among DDGS samples. 
This is expected because Lys digestibility among DDGS samples is also highly variable 
(Chapter II; Stein et al., 2006; Kleinschmit et al., 2007; Kononoff et al., 2007). 
Guanidination Procedure 
The homoarginine concentration, lysine content after the guanidination reaction, 
and reactive Lys content of the intact and RUR samples are presented in Tables 2 and 3, 
respectively. As expected, heating the SBM, SP, and DDGS samples decreased reactive 
Lys and reactive RUP-Lys concentration compared to the unheated samples. The 
reactive Lys concentration of the samples analyzed ranged from 28.3 (heated DDGS) to 
93.3% (SBM 2) of total Lys, and the reactive RUP-Lys ranged from 31.5 (heated DDGS) 
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to 89.4% (Pollock FM) of total RUP-Lys. For most samples, the reactive Lys content of 
the intact feed was higher than the reactive Lys content of the RUR, which is likely due 
to the fact that unreactive Lys is less likely to be degraded by rumen microbes which will 
increase the concentration of unreactive Lys in the RUR. 
Reactive Lys concentration of the intact feeds was highly correlated to 
standardized Lys digestibility measured in cecectomized roosters (R2 = 0.89; Figure 2), 
and the reactive RUP-Lys concentration was also highly correlated to in vivo RUP-Lys 
digestibility (R2 = 0.90; Figure 3). However, based on the residual plots (Figures 2 and 
3) it appears that when the reactive Lys concentration of a feed is greater than 70% the 
guanidination procedure can be used to predict in vivo Lys and RUP-Lys digestibility 
within 5 percentage units of measured values for most samples. However, for samples 
that contain lower concentrations of reactive Lys and RUP-Lys, the procedure is not as 
accurate. 
To our knowledge, this is the first study to estimate the reactive Lys content of 
RUR, but reactive Lys concentrations of intact SBM and DDGS have been reported. 
However, to our knowledge the reactive Lys concentration of FM has not been reported 
in the literature. Rutherfurd et al. (1997) reported the reactive Lys content of SBM using 
2 different methods: the guanidination and the l-fluoro-l,4-dinitrobenzene (FDNB) 
procedures. The reactive Lys content of SBM was 100 and 83.9% determined with the 
guanidination and FDNBmethods, respectively, and ileal digestibility of the sample 
determined in swine was 94.5%. The authors indicated that the guandination method 
cannot theoretically over-estimate reactive Lys because the formation of homoarginine is 
specific to e-amino groups of Lys. Based on this, and other limitations of the FDNB 
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method, the authors concluded that the guanidination procedure is preferred to estimate 
the reactive Lys content of feeds. The reactive Lys content of SBM determined by the 
guanidination procedure in the present experiment was 90 to 93% which is lower than 
that reported by Rutherfurd et al. (1997). However, in vivo standardized digestibility of 
both unheated SBM samples was also lower (89%; Chapter II). Faldet et al. (1992) 
determined the reactive Lys concentration of raw and heated soybeans using the FDNB 
method. The authors heated the soybeans at various temperatures and for various lengths 
of time including 150°C for 90 min which was the heat treatment applied to the heated 
SP and SBM samples in the present study. For this treatment, the authors reported that 
the reactive Lys content was 64% of total Lys. In the present experiment the reactive Lys 
contents of the intact heated SP and SBM samples were 37.7 and 48.1%, respectively. 
The discrepancy in reported values is likely due to the fact that Faldet et al. (1992) 
evaluated whole heated soybeans, not SBM. Pahm et al. (2006) reported that the average 
reactive Lys concentration of 36 DDGS samples was 74.5% of total Lys using the 
guandination method. The results of the present experiment agree with these results as 
the average reactive Lys concentration of the unheated intact DDGS samples was (mean 
± SD) 77.7 ± 6.6% of total Lys. 
The relationship between the reactive Lys content of the intact samples and RUP-
Lys digestibility was examined to determine if the reactive Lys concentration of the feed 
could be used to predict RUP-Lys digestibility. The reactive Lys content of the intact 
feeds was highly correlated to RUP-Lys digestibility (R2 = 0.90; Figure 4). Based on 
these results, it is recommended that for future analysis using this method, that the 
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reactive Lys concentration of the intact feed be determined and used to predict RUP-Lys 
digestibility. 
Conclusion 
The furosine method appears to be an adequate method to predict Lys digestibility 
of DDGS samples only because the other feedstuffs contained little to no furosine. Also 
the application of the furosine procedure to more severely heat damaged feeds is limited 
because it is only useful to estimate damage from the early Maillard reaction. Despite 
these limitations, further evaluation of the furosine method with DDGS samples may be 
warranted because this procedure is more rapid than the guanidination method. However, 
the guandination procedure is a good approach to predict the Lys and RUP-Lys 
digestibility in a variety of feedstuffs. The procedure is more accurate for feeds that 
contain greater than 70% reactive Lys. This is likely of little concern because the only 
feeds evaluated that contained less than 70% reactive Lys were samples subjected to 
additional heat treatment in the lab. Further evaluation of the guanidination procedure 
with similar and different feedstuffs is warranted and should focus on measuring the 
reactive Lys content of intact feed samples which can be used to predict RUP-Lys 
digestibility. If the prediction equations presented here are validated, the guanidination 
method can be used to predict Lys and RUP-Lys digestibility. This will allow 
nutritionists and producers to more accurately meet the Lys requirements of their 
animals, which is particularly important for lactating dairy cows because RUP-Lys 
digestibility estimates reported in the literature are limited, and Lys is a limiting AA for 
milk and milk protein production. 
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Table 1. Furosine, Lys, and blocked Lys concentrations of samples of SoyPlus , 
soybean meal, dried distillers' grains with solubles, and fishmeal samples after a 16 h 
ruminal incubation. 




Heated soybean meal 
Soybean meal 1 








Menhaden FM 1 





















































DDGS = dried distillers' grains with solubles; FM = fishmeal. 
Table 2. Homoarginine, Lys, and reactive Lys concentrations of samples of SoyPlus 
soybean meal, dried distillers' grains with solubles, and fishmeal samples. 




Heated soybean meal 
Soybean meal 1 








Menhaden FM 1 
Menhaden FM 2 
Pollock FM 



















































Lysine concentration in sample after guanidination reaction. 
3Percent of total Lys. 
Table 3. Homoarginine, Lys, and reactive Lys concentrations of samples of SoyPlus , 
soybean meal, dried distillers' grains with solubles, and fishmeal samples after a 16 h 
ruminal incubation 




Heated soybean meal 
Soybean meal 1 








Menhaden FM 1 





















































DDGS = dried distillers' grains with solubles; FM = fishmeal. 
2Lysine concentration in sample after guanidination reaction. 
3Percent of total Lys. 
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Figure 1. Regression plot of blocked RUP-Lys calculated from furosine analysis and 
standardized RUP-Lys digestibility measured in cecectomized roosters (Y = 88.43 -
0.89X; R2 = 0.94; P < 0.001, n = 9) soy product (•; n = 3), dried distillers' grains with 
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Figure 2. Regression plot (A) of reactive Lys and Lys digestibility measured in 
cecectomized roosters (Y = -7.07 + 1.04X; R2 = 0.89; P < 0.001, n = 16) and residual plot 
(B) of measured Lys digestibility minus RLys digestibility predicted from reactive Lys 
concentration of soy product (•; n = 6), dried distillers' grains with solubles (•; n = 5), 
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Figure 3. Regression plot (A) of reactive RUP-Lys and RUP-Lys digestibility measured 
in cecectomized roosters (Y = -12.15 +1.19; R2 = 0.90; P< 0.001, n = 16) and residual 
plot (B) of measured RUP-Lys digestibility minus RUP-Lys digestibility predicted from 
reactive RUP-Lys of soy product (•; n = 6), dried distillers' grains with solubles (•; n = 
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Figure 4. Regression plot (A) of reactive Lys content of the intact feeds and RUP-Lys 
digestibility measured in cecectomized roosters (Y = -7.47 +1.06X; R2 = 0.90; P < 0.001, 
n = 16) and residual plot (B) of measured RUP-Lys digestibility minus RUP-Lys 
digestibility predicted from reactive Lys content of intact soy product (•; n = 6), dried 
distillers' grains with solubles (•; n = 5), and fishmeal (A; n = 5) samples. 
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CHAPTER V 
EVALUATION OF INTESTINAL DIGESTIBILITY OF AMINO ACIDS IN THE 
RUMEN UNDEGRADED PROTEIN FRACTION OF BLOOD MEAL 
Abstract 
Five samples of BM (2 bovine and 3 porcine) were obtained from various sources 
in Nebraska, Canada, Illinois, and Iowa. Samples were ruminally incubated in situ for 16 
h in the rumen of 3 lactating dairy cows fed a 55% forage, 45% concentrate diet. The 
intact and rumen undegraded residue BM samples were crop-intubated to cecectomized 
roosters to obtain in vivo AA and RUP-AA digestibility estimates. Indigestibility of the 
intact and ruminally incubated samples was also calculated. The intact and RUR BM 
samples were also analyzed via the modified three-step procedure and the guanidination 
method. Digestibility of AA and RUP-AA was similar among most of the BM samples, 
and digestibility of AA in the intact feeds was similar to digestibility of RUP-AA. Blood 
meal does contain a constant protein fraction that is both undegradable in the rumen and 
indigestible in the small intestine. For the use of the modified TSP to evaluate BM 
samples, the intact BM samples can be used in the pepsin and pancreatin incubation steps 
to estimate intestinal AA digestibility of BM. This appears to be more accurate than 
using rumen undegraded residue in the in vitro analysis. The guanidination method does 
not appear to be adequate to predict intestinal digestibility of Lys or RUP-Lys in BM 
samples. 
(Key Words: Amino acid digestibility, rumen undegraded protein, blood meal) 
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Introduction 
Blood meal (BM) is a high quality protein supplement commonly fed to lactating 
dairy cows because it is high in RUP. However, RUP digestibility of BM samples is 
highly variable (Chapter I, Table 2). For batch-dried and ring-dried BM, the average 
RUP digestibility values reported in the literature are (mean ± SD) 61.4 ± 16.6 and 79.6 ± 
6.0, respectively. For unclassified BM samples, the average RUP digestibility coefficient 
reported in the literature is 81.4 ± 14.5. In addition, the majority of RUP digestibility 
estimates for BM reported in the literature are in vitro estimates (Chapter I, Table 2), and 
estimates of digestibility of individual amino acids (AA) in the RUP fraction (RUP-AA) 
of BM are limited (Chapter I, Table 1). 
The Scandinavian AAT-PBV model for lactating dairy cows assumes that feeds 
contain a constant protein fraction that is both undegradable in the rumen and indigestible 
in the small intestine (Madsen et al., 1995). In Chapter II, it was concluded that soybean 
meal, SoyPlus®, and dried distillers' grains with solubles did not contain a constant 
undegradable/indigestible protein fraction. However, some of the fish meal (FM) 
samples did contain a constant undegradable/indigestible protein fraction. Because FM is 
also an animal protein feed, this may be true for BM. 
In addition to its value as an RUP supplement, BM is especially useful in lactating 
dairy cow diets because of its high Lys content. Lysine is a limiting AA for milk and 
milk protein production in dairy cows, particularly when diets high in corn products are 
fed. Corn is low in Lys (2.8% of CP; NRC, 2001) compared with the Lys requirement 
of lactating dairy cows (7.2% Lys in MP). Blood meal is one of the most Lys rich protein 
supplements fed to lactating dairy cows with a Lys content of about 9.0% of CP (NRC, 
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2001). However, the amount of BM that is fed to lactating dairy cows is limited due to 
palatability and cost. Therefore, it is important to determine the amount of Lys in BM 
that is digested and absorbed in a form that is utilizable by the animal. 
Identifying an in vitro method that can be used to analyze BM samples for RUP-
AA digestibility, particularly RUP-Lys digestibility, on a routine basis will be beneficial. 
This will allow producers and nutritionists to formulate rations containing BM to more 
accurately meet the essential AA (EAA) requirements of their animals. It will also allow 
for an assessment of product quality so that BM can be priced accordingly because it is 
often one of the most costly ingredients in lactating dairy cow diets. 
The objectives of this experiment were to 1) expand the database of RUP-AA 
digestibility of BM, 2) determine if BM does contain a constant protein fraction that is 
both undegradable in the rumen and indigestible in the small intestine, and 3) identify an 
in vitro method that can be used to predict RUP-AA digestibility of BM, particularly 
RUP-Lys digestibility. 
Materials and Methods 
Samples, Ruminal Incubation, and Rooster Assay 
Ten kg of 5 samples of BM (2 bovine and 3 porcine) were obtained from various 
sources in Nebraska, Canada, Illinois, and Iowa. One of the bovine BM samples was 
heated at 125°C for 2 h and one of porcine BM sample was heated at 110°C for 2 h based 
on the results reported by van Ryssen and Schroder (2003). These authors reported that 
BM heated at 125 and 110°C for 2 h had a lower total tract digestibility than BM samples 
heated at these temperatures for only 30 min. 
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Samples were ruminally incubated in situ for 16 h in the rumen of 3 lactating 
dairy cows fed a 55% forage, 45% concentrate diet. Procedures for the ruminal 
incubation were described in Chapter II; however, because BM samples are so high in 
RUP, only 100 polyester in situ bags were needed per sample to generate adequate rumen 
undegraded residue (RUR). 
The intact and RUR BM samples also crop-intubated to cecectomized roosters to 
obtain in vivo AA and RUP-AA digestibility estimates. The procedure for the rooster 
digestibility trials was described in Chapter II. However, the BM samples tended to get 
stuck in the crop of the roosters post-intubation. Therefore, the crop was palpated and 
flushed with water as needed. Excreta weights were low for some of the BM samples, 
therefore, for samples labeled in the tables as intact feed BBM1 and BBM2, standardized 
AA digestibility from only 3 roosters was used in the statistical analysis. For the samples 
labeled as rumen residue BBM2 and PBM2, standardized RUP-AA digestibility from 
only 2 roosters was used in the statistical analysis. 
In Vitro Analysis 
The intact and RUR BM samples were also analyzed via the modified three-step 
procedure (TSP) and the guanidination method described in Chapters III and IV, 
respectively. For the modified TSP, samples were analyzed using the ANKOM R150 
bags, and RUR BM samples were also analyzed via the original TSP of Calsamiglia and 
Stern (1995). These procedures were described in Chapter III. 
Chemical Analysis 
A portion of the RUR, feed, and rooster excreta were ground to pass a 40-um 
screen (Arthur H. Thomas Co., Philadelphia, PA) for A A analysis via cation-exchange 
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chromatography (cIEC-HPLC) coupled with post-column ninhydrin derivatization and 
quantitation (Experimental Station Chemical Laboratories, University of Missouri-
Columbia, Columbia, MO). Intact feeds and RUR were also analyzed for DM, neutral 
detergent insoluble CP (NDICP), acid detergent insoluble CP (ADICP), CP, fat, ash, and 
minerals (Tables 1 and 2) using wet chemistry (Dairy One DHI Forage Testing 
Laboratory, Ithaca, NY). 
Calculations and Statistical Analysis 
Ruminal disappearance of AA after 16 h in situ ruminal incubation was calculated 
for each AA as: 
Ruminal disappearance, % = [(AA in feed - AA in RUR)/AA in feed] x 100. 
Standardized AA digestibility was calculated for the intact feeds and RUR was calculated 
as follows: 
Standardized digestibility, % = [(AA in - (AA out + basal endogenous AA))/AA 
in] x 100. 
Indigestibility of the intact feed samples was calculated as follows: 
Indigestibility = 100 - standardized digestibility, %. 
Indigestibility of AA in the nominally incubated feeds was calculated according to the 
equation of Prestlokken and Rise (2003): 
Indigestibility = [(100 - 16 h ruminal AA disappearance)*(100 - standardized 
RUP-AA digestibility)]/100. 
Reactive Lys was calculated as percentage of Lys converted to homoarginine. 
Pepsin-pancreatin digestion of CP and AA in the modified TSP was calculated as 
follows: 
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[(Amount AA in, g - Amount of AA out, g)/Amount AA in, g] x 100. 
For the original TSP, RUP digestibility was calculated as TCA-soluble N divided 
by the amount of sample N. 
Data were analyzed as a completely randomized design according to the 
following model: 
Yijki = \i + Fi + Rij + FRy + Pk + c(F)ijki + Eijk 
where Yyu = the dependent variable, u = overall mean, Fi = the fixed effect of the 
ith feed sample i = 1,...6, Ry- = the fixed effect of ruminal incubation of the ith feed 
sample, j = 0,1, FRy = is the fixed effect of the interaction between the ith feed sample 
and the jth level of ruminal incubation, Pk = the random effect of the kth experiment, k = 
1,2, c(F)yki = the random effect of the 1th rooster with the ith feed sample, the jth level of 
ruminal incubation, and the kth experiment, 1 = 1,...48, and Eyki = the random residual ~ 
N (0, o ). The mixed procedure of SAS (SAS Institute, 2001) was used to solve the 
above model for each feed type. The PDIFF statement in SAS was used to determine 
differences between samples. Results are expressed as least squares means with the 
lowest standard error. Data from the birds with low excreta weights were treated as 
missing data for statistical analysis. 
The REG procedure of SAS was used to examine the relationship between 
standardized AA and RUP-AA digestibility measured in vivo and digestibility 
determined using the modified TSP. The relationship between standardized digestibility 
of total AA and RUP-AA and CP digestibility determined using the original and modified 
TSP was also examined. In addition, the correlation between CP digestibility measured 
using the original and modified TSP was determined. The REG procedure of SAS (SAS 
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Institute, 2001) was also used to examine the relationship between reactive Lys content 
and standarized Lys and RUP-Lys digestibility of the samples measured in cecectomized 
roosters. Significance was declared at P < 0.05 and tendencies are reported at 0.05 < P < 
0.10. 
Results and Discussion 
Chemical Composition and Amino Acid Profiles of Feeds and RUR 
The chemical compositions of both the intact and RUR BM samples are presented 
in Table 1. The chemical composition of the intact BM is similar to the RUR. The AA 
profiles of the intact feeds and RUR are presented in Table 2. The AA profile of the 
RUR is similar to the AA profile of the intact feed. Erasmus et al. (1994) reported 
similar results regarding the AA profile of BM before and after ruminal in situ 
incubation. Blood meal samples were ruminally incubated in situ for 16 h in lactating 
dairy cows, and there was no change in the AA profile of BM except for a slight increase 
ofPheintheRUR. 
Ruminal AA Digestibility 
The 16 h ruminal disappearance of the BM samples is presented in Table 3. As 
mentioned in Chapter II, the RUR were pooled by sample, and therefore, ruminal AA 
disappearance was not analyzed statistically; however, numerically there are differences 
in 16 h ruminal AA disappearance of samples. Erasmus et al. (1994) reported that 16 h 
ruminal CP disappearance of BM was 19.2%, and Piepenbrink and Schingoethe (1998) 
reported that 12 and 18 h ruminal CP disappearance of BMwas 6.0 and 8.9%, 
respectively. For some of the BM samples evaluated in this experiment, the 16 h ruminal 
disappearance of total A A fits within the range reported by these authors. However, for a 
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few of the samples, 16 h ruminal disappearance of AA was much higher than what has 
been reported by others. This discrepancy may be due to the fineness of grind of the BM 
samples as received. For the in situ incubations, all BM samples were ground to pass a 2-
mm screen; however, it appeared that some of the samples were already ground finer. It 
is likely that some of the finer BM samples may have washed out of the bag which would 
result in inflated 16 h ruminal AA disappearance values. This is supported by the 
similarity in the chemical composition and the AA profile of the intact feeds and RUR. 
Standardized Digestibility of AA and RUP-AA 
Standardized intestinal AA and RUP-AA digestibility estimates of the BM 
samples are presented in Table 4. Standardized digestibility of AA and RUP-AA was 
similar among the samples, except for the heated porcine BM sample (HPM). 
Standardized AA and RUP-AA digestibility estimates were lower for this sample 
compared with the other samples. Also, standardized digestibility of RUP-AA was 
similar to standardized AA digestibility within all samples. However, digestibility of 
individual AA varied within samples. Lysine and He were among the least digestible AA 
and Met and Trp were among the most digestible AA in BM. For example in the BM2 
RUR sample digestibility of RUP-Ile, -Lys, -Met, and -Trp was 90.9, 85.8, 97.9, and 
98.7%, respectively. Digestibility of RUP-total AA was 94.8% for that sample. 
Standardized AA digestibility estimates of the intact BM samples were higher 
than reference A A digestibility values reported for poultry in NRC (1994). These 
reference values range from 76% for Cys to 91% for Met. This range is similar to the 
range observed for the HPM sample, but for the other samples the range in AA 
digestibility was higher. The range in Cys digestibility observed in the present 
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experiment was 80.6 to 97.8% and the range in Met digestibility observed in the present 
experiment was 91.7 to 99.9%. 
Standardized RUP-total AA digestibility estimates of the BM samples were 
higher than reference RUP digestibility values (NRC, 2001). Digestibility of RUP in ring 
dried BM reported in NRC (2001) is 80% and RUP digestibility of batch dried BM is 
65%. Standardized digestibility of RUP-total AA ranged from 84.5 to 97.5% for the 
samples evaluated in this experiment. However, in the majority of the studies that were 
summarized to arrive at the average RUP digestibility estimate of BM in NRC (2001) the 
original three-step procedure (TSP) of Calsamiglia and Stern (1995) was used (C. G. 
Schwab, personal communication). In the present experiment, the BM samples were also 
analyzed via the original TSP (Table 7), and the RUP digestibility estimates obtained 
with the original TSP were much lower than RUP-total AA digestibility estimates 
obtained in vivo. Therefore, it appears that the original TSP may underestimate RUP 
digestibility of BM samples. 
In addition to the original TSP, the mobile bag technique (MBT) has been used to 
estimate RUP digestibility of BM. Eramus et al. (1994) reported that RUP digestibility of 
BM was 56.3% using the MBT with collection of bags in the feces (Chapter I, Table 2). 
However, Palmquist et al. (1993) and Kopecny et al. (1998) reported that RUP 
digestibility of BM was 98.9 and 89.8%, respectively, using the MBT with collection of 
bags in the feces (Chapter I, Table 2). These latter two estimates are similar to estimates 
reported in the present experiment. 
Masoero et al. (1994) reported that RUP-A A digestibility of BM ranged from 
71.2% for His to 15.1% for Met using the MBT with collection of the bags in the feces 
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(Chapter I, Table 1). Again these reported values are lower than the digestibility 
coefficients reported in the present experiment. This discrepancy may be explained due 
to differences in the techniques used. Masoero et al. (1994) collected the mobile bags in 
the feces, which can result in microbial contamination of the undigested residue which 
may have resulted in the lower RUP-AA digestibility values. 
Indigestibility of Intact and RuminaHy Incubated BM 
The AA indigestibility coefficients for the intact and ruminally incubated BM 
samples are presented in Table 5. There was no difference between indigestibility of the 
intact feeds and indigestibility of the ruminally incubated BM samples. This suggests 
that BM does indeed contain a constant protein fraction that is both undegradable in the 
rumen and indigestible in the small intestine. However, to our knowledge the 
indigestibility of BM has not been previously evaluated. Some of the FM samples that 
were evaluated in the experiment described in Chapter II also contained a constant 
undegradable/indigestible protein fraction. Because BM is also an animal protein 
supplement that is resistant to microbial degradation, it is logical that BM would also 
contain a constant undegradable/indigestible protein fraction. 
Modified Three-Step Procedure 
The AA and RUP-AA digestibility estimates obtained for BM samples using the 
modified TSP are presented in Table 8. Estimates for AA and RUP-AA digestibility of 
one of the porcine BM samples (PM2) are not reported, as there was insufficient residue 
remaining in the bags after in vitro digestion to analyze for AA content. The AA and 
RUP-AA digestibility estimates obtained using the modified TSP were lower than in vivo 
estimates. Estimates of RUP digestibility of the BM samples obtained using the original 
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TSP are also presented in Table 8. These estimates were lower than in vivo RUP-total 
AA digestibility estimates. 
Results of the regression analysis between in vivo estimates of AA and RUP-AA 
digestibility and in vitro estimates obtained using the modified TSP are presented in 
Table 8. The results indicate that for the intact feeds there was a trend for a correlation 
(0.05 < P < 0.10) between in vivo and in vitro digestibility for many of the AA. For Met 
and Tip there was a correlation between in vivo and in vitro digestibility. However, 
RUP-AA digestibility estimates obtained in vivo and in vitro were not correlated, except 
for Trp. However, CP digestibility obtained with the modified TSP was highly correlated 
to CP digestibility obtained with the original TSP. 
In addition, the relationship between in vitro digestibility of the intact BM 
samples and in vivo RUP-AA digestibility was also examined. There was a trend for a 
correlation between in vivo RUP-AA digestibility and in vitro AA digestibility of the 
intact BM for many AA, and a significant relationship for Met, Trp, and Ala. Because in 
vitro digestion of the intact feed was more highly correlated to in vivo RUP-AA 
digestibility than in vitro digestion of the RUR, the methylcellulose solution used to rinse 
the RUR prior to determining intestinal digestion may have interfered with the in vitro 
analysis. 
The modified TSP may be useful in estimating RUP-AA digestibility of BM. 
However, it is suggested that digestibility of the intact samples be estimated and the 
ruminal incubation step be eliminated because this will yield more accurate estimates. 
The data will have to be transformed according to the regression equations because the in 
vivo estimates were much higher than in vitro estimates. The database on AA 
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digestibility of BM using this method should be expanded because there was such a 
discrepancy between the estimates. Also, more research is needed with this method to 
estimate poorly digested BM samples because the samples used in this experiment were 
highly digestible. 
Guanidination Method 
Results of the guandination analysis of the BM samples are presented in Table 9. 
The reactive Lys content of the intact BM samples ranged from 92.6 to 96.7%, and the 
reactive RUP-Lys content ranged from 45.3 to 93.1%. However, the reactive Lys and 
RUP-Lys content of the samples was not correlated to Lys and RUP-Lys digestibility 
determined in vivo. For the intact feeds, Lys digestibility ranged from 82.9 to 95.8% and 
RUP-Lys digestibility ranged from 83.9 to 95.3%. Because the reactive Lys content was 
not correlated to Lys digestibility, it appears that other factors affect Lys digestibility in 
BM. For the RUR samples, the reactive RUP-Lys content was much lower than RUP-
Lys digestibility for many of the samples. Again the methylcellulose wash may have 
interfered with the analysis. It does not appear that this is a viable method for predicting 
Lys digestibility of BM samples. 
CONCLUSIONS 
Rumen undegraded protein digestibility coefficients of BM reported in the 
literature are quite variable. Therefore, digestibility of AA and RUP-AA of the BM 
samples used in this experiment was also expected to vary considerably across samples. 
However, digestibility of AA and RUP-AA was similar among most of the BM samples. 
Literature reported estimates of RUP digestibility of BM have been obtained using 
several different techniques. In the present experiment, there was considerable variation 
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in AA and RUP-AA digestibility estimates among the different techniques used. 
Therefore, some of the variation of RUP digestibility of BM reported in the literature 
may be due to differences in the techniques used to obtain these estimates. 
Digestibility of AA in the intact feeds was similar to digestibility of RUP-AA 
which indicates that the ruminal incubation step may be eliminated when determining 
intestinal digestibility of AA in BM. This is further supported by the fact that the AA 
profile of RUP was almost identical to the AA profile of feed protein. It also appears that 
BM does contain a constant protein fraction that is both undegradable in the rumen and 
indigestible in the small intestine. Therefore, determining the ruminal degradability of 
BM and intestinal indigestibility of the intact feed may be adequate. 
For the use of the modified TSP to evaluate BM samples, it is suggested that the 
intact BM samples be used in the pepsin and pancreatin incubation steps to estimate 
intestinal AA digestibility of BM. This appears to be more accurate than using RUR in 
the in vitro analysis. Also, the guanidination method does not appear to be adequate to 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 3. Sixteen hour ruminal digestibility of amino acids in blood meal samples 
determined in situ. 
Sample 
Amino acid2 BBM1 BBM2 HBBM PBM1 PBM2 HPBM 




















































































































































H indicates the sample was subjected to additional heat treatment; BBM = bovine blood 
meal; PBM = porcine blood meal. 
AA = amino acids; BCAA = branch chain amino acids, EAA = essential amino acids, 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 8. Correlation coefficients (R2) between AA digestibility of intact and rumen 


























Org. vs. mod. 





































































































; E = essential; NE : 
R1 
IF in vitro 















































CP = crude 
protein; 
CP mod. = CP digestibility determined via the modified three-step procedure compared 
to in vivo total AA digestibility; 
CP org. = CP digestibility determined via the original three-step procedure compared to 
in vivo total AA digestibility; 
Org. vs. mod. = CP digestibility determined via the original three-step procedure 
compared to CP digestibility determined via the modified three-step procedure. 
Probability of a significant linear relationship; n = 16. 
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Table 9. Homoarginine, Lys, and reactive Lys concentrations of blood meal samples 




Heated bovine BM 
Porcine BM1 
Porcine BM2 
Heated porcine BM 
Bovine BM In-
Bovine BM2rr 
Heated bovine BMrr 
Porcine BM In-
Porcine BM2rr 
Heated porcine BMrr 
RUP-Lys dig. vs. 
reactive RUP-Lys4 










































R2 = 0.05 
R2 = 0.29 
2Lysine concentration in sample after guanidination reaction. 
3Percent of total Lys. 
4Regression analysis of RUP-Lys digestibility versus reactive Lys content of the RUR. 
degression analysis of Lys digestibility in intact BM versus reactive Lys content. 
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